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Noble metal nanoparticles (MNPs) have attracted great attention in electronics, solar cells
and catalysis. Their unique optical properties and biocompatibility makes them useful in biological
applications like imaging, drug delivery, therapy and diagnostic. At the surface of MNPs the
collective oscillation of free electrons resonates with a particular wavelength of incident light,
generating the Localized Surface Plasmons Resonance (LSPR). LSPR results in absorption and
scattering of incident light. Scattering results in reflecting photons and absorption leads to
enhanced photoluminescence and quenching of fluorophores, if the fluorophore is in the vicinity
of MNPs.
Most of the studies in this regard have been carried out using chemically synthesized metal
nanoparticles of different crystallinity, sizes and shapes. One problem with this approach is the
possibility of direct chemical interaction between the fluorophore and metal nanoparticle that
results in quenching of photoluminescence intensity. Moreover, using chemical means, it is
difficult to control the distance between the nanoparticle and the fluorophore.
In this dissertation, efforts are made to understand the LSPR of Au-NPs implanted within
quartz substrate. The size and the concentration of MNPs were optimized with increasing ion beam

fluence leading to a decreased inter-nanoparticle distance. Moreover, we employed post
implantation annealing of implanted substrates at 800 oC to investigate the diffusion and heating
effect on the concentration of Au-NPs within the substrates.
Rutherford Backscattering Spectrometry (RBS) measurements are used to obtain the depth
profile and concentration of gold within the quartz substrate. The formation of Au-NPs is
characterized by UV-visible spectroscopy measurements. LSPR peaks of Au-NPs were observed,
that confirmed the formation of embedded Au-NPs. Moreover, increase in the size and
concentration of Au-NPs was clearly observed as the fluence of Au within quartz substrate
increased or annealing of the substrates is carried out. During the annealing, slight diffusion of Au
away from the surface of the substrate was observed that increased with annealing time, however,
implanted Au maintained the concentration.
Steady-state measurements of lead halide perovskite nanocomposites CsPbX (X = Cl3, Br3,
Br2I and I3) in the vicinity of Au-NPs were carried out to study the interaction between perovskites
and embedded Au-NPs. PL enhancement of CsPbX (X = Cl3, Br3, Br2I and I3) was observed on
implanted substrates with the fluence ranging from 2.0 x 1016 to 5.0 x 1016 Au-atoms/cm2 and
quenching was observed on substrates implanted with higher fluence. The overlap of PL emission
and Au-NPs absorption also played a significant role in PL quenching.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Introduction to Nanotechnology and Nanomaterials
When matter is reduced to nanoscale, new unique physical properties emerge that are not
seen in bulk material. This has fascinated mankind for centuries and forms the basis of
nanotechnology, a scientific and technological field that has grown tremendously during the last
decades. Nanotechnology deals with materials, systems, and devices on the nanometer (10-9 m)
length scale with typical range between 1 – 100 nm and the concept was first described in 1959 by
Richard Feynman in his famous lecture entitled “there’s plenty of room at the bottom” [1]. In his
talk he accurately predicted the direction of modern nanotechnology and nanoscience, playing with
the idea of miniaturization and atomic engineering. Today, many of the things he anticipated have
become reality and we now possess the ability to create and manipulate material at nanoscale
dimensions. This has made a significant impact on modern society and the number of applications
and products that include nanomaterials increases steadily. Nowadays, nanotechnology is wellestablished within the manufacturing industry and a respectable scientific field that involves
numerous researchers from a wide range of areas including physics, chemistry, biology, medicine,
electronics, and engineering [2-4].

Nanostructure (or nanoscale) material means that at least one dimension of a material is
restricted to less than 100 nm. As shown in Figure 1.1, it can be characterized on the basis of the
number of dimensions as 3-D nanostructures e.g., NPs of different shapes and size, 2-D
1

nanostructures e.g., interfaces, membranes, thin films, Multi-layers etc., 1-D nanostructures e.g.,
nanowires, nanotubes, DNA, and 0-D nanostructures e.g., quantum dots.

Figure 1.1: Nanostructures of different dimensions: (a) 0D Pd spherical NPs, (b) 1D Au nanorods, (c) 2D Pd
ultrathin nanosheets, and (d) 3D Pd concave nanocubes [5].

When the size is decreased to the nanoscale, most fundamental properties of materials
depend on their size, shape and surrounding medium. Two fundamental properties are related to
the material in nanoscale:

- The distribution of electronic states departs from the usual band structure and discrete states
will appear at the band edges. Nanomaterials experience quantum confinement, known as a
"quantum size effect"; and exhibit unique electronic, magnetic and optical properties.
Specifically, the quantum size effect describes the phenomenon resulting from electrons and
holes being squeezed into a dimension that approaches a critical quantum measurement, called
the exciton Bohr radius. Quantum size effects lead to an increase in band gap as shown in
2

Figure 1.2, where the electronic properties of solids are altered with great reductions in particle
size [1,2].

Figure 1.2: Change of band gap related to particle size.

- Nanomaterials show an increased ratio of surface atoms to the total number of atoms as a result
the reactions that take place at the surface like chemical reactivity is greatly enhanced. This is
shown in Figure 1.3.

Figure 1.3: The ratio of surface area to volume for nanoparticles.

Much of the fascination with nanotechnology stems from these unique quantum and
surface phenomena that matter exhibits at the nanoscale [3]. For instance, opaque substances
3

become transparent (copper); inert materials attain catalytic properties (gold and platinum);
insulators become conductors (silicon), etc. Materials such as gold, which is chemically inert at
normal scales, can serve as a potent chemical catalyst at nanoscales.

1.2 Metallic Nanoparticles
The focus of this dissertation is metal nanoparticles (MNPs), specifically Au. MNPs have
been known to human civilization for centuries with earliest applications in staining glass. One of
the oldest examples is the famous Lycurgus Cup (Byzantine Empire, fourth century AD) [4]. This
glass cup as it shown in Figure 1.4, shows a striking red color when light transmitted through the
glass from inside, while when shined from outside, the reflected light appears green. This peculiar
behavior is essentially due to the small Au–Ag bimetallic NPs embedded in the glass [5].
Nanoparticles of noble metals, such as Au, Ag, and Cu, have attracted tremendous attention due
to their unique physical and optical properties [5-12].

Figure 1.4: The Lycurgus Cup displays different color depending on whether it is illuminated (a) externally or (b)
internally [7].

4

1.2.1 Bulk, surface, and localized surface plasmons

The optical properties of metals can be characterized by the dielectric function which
describes how metals interact with light. It can be described with a simple free-electron model,
known as the Drude model, which assumes that a gas of free electrons of number density n, known
as plasma, moves within a lattice of fixed, positively charged ion cores [6-8]. The electrons
oscillate in response to the applied electromagnetic field, and their motion is damped, with a
damping parameter of the bulk metal 𝛾 = 1/𝜏, where 𝜏 is the relaxation time of the free electron
gas. The equation of motion for an electron of the plasma sea subjected to an external electric ﬁeld
E can be written as:
𝑚ẍ + 𝑚𝛾ẋ = −𝑒E

where e is the electric charge and m is the effective electron mass. For a harmonic time dependence
of the external electric ﬁeld E(𝑡) = E0 𝑒 −𝑖𝜔𝑡 , the solution of the equation of motion describing the
oscillation of the electron, x(𝑡) = x0 𝑒 −𝑖𝜔𝑡 , can be express as:

x(𝑡) =

𝑒
E(𝑡)
𝑚(𝜔 2 + 𝑖𝛾𝜔)

The displaced electrons contribute to the polarization P = −𝑛𝑒x. Inserting this expression for P
into the dielectric displacement equation (D = 𝜀0 E + P) yields:

D = 𝜀0 (1 −

𝜔𝑝 2
)E
𝜔 2 + 𝑖𝛾𝜔

5

where 𝜔𝑝 is the plasma oscillation frequency of the free electron gas with respect to the fixed
positive ions in a metal and can be calculated using the equation [6]:

𝜔𝑝 = √

𝑛𝑒 2
𝜀0 𝑚

A quantum of plasma oscillation is known as a plasmon. Therefore, Drude dielectric function is
written as:

𝜀(𝜔) = 𝜀0 (1 −

𝜔𝑝 2
)
𝜔 2 + 𝑖𝛾𝜔

where 𝜀0 is the permittivity of vacuum. The dielectric function is simply written as
𝜀(𝜔) = 𝜀𝑟 (𝜔) + 𝑖𝜀𝑖 (𝜔) where 𝜀𝑟 and 𝜀𝑖 are the real and imaginary components of the metal
dielectric function, respectively and given by:

𝜀𝑟 (𝜔) = 𝜀0 [1 −

𝜔𝑝 2 𝜏 2
]
1 + 𝜔2𝜏 2

𝜔𝑝 2 𝜏
𝜀𝑖 (𝜔) = 𝜀0 [
]
𝜔(1 + 𝜔 2 𝜏 2 )

For high frequency 𝛾 ≪ 𝜔𝑝 so the above equation can be simplified to:
𝜀𝑟 (𝜔)

𝜀0

=1−

6

𝜔𝑝 2
𝜔2

The real part consists of the scattering behavior, which includes reflection and diffraction,
and the imaginary part encompasses the absorptivity [6,10]. Figure 1.5 shows the real and
imaginary part of the complex dielectric function of gold and silver. As it shown in the
Figure 1.5(a), 𝜀𝑟 has almost linear relationship with the wavelength for Au and Ag. However,
Figure 1.5(b) shows 𝜀𝑖 for Au is high in the near-infrared and lower in the visible and increases is
almost linearly past the visible region. The smaller 𝜀𝑖 of Ag in Figure 1.5 (b) across all wavelengths
implies lower absorption as compared to Au, therefore; lower optical losses (i.e. plasmon damping)

𝜀𝑖

𝜀𝑟

[6,9,13].

Figure 1.5: (a) Real and (b) imaginary part of the complex dielectric function of Au and Ag [13].

Plasmons can be created not only in metal bulk metal, but also at metal surfaces. At the
surface of a thin metal on a dielectric medium, the plasmons are confined to surfaces and interact
strongly with light, taking the form of surface plasmon polaritons (SPPs), also simply called
surface plasmons (SP). The SP wave propagates at the interface between the metal and a dielectric,
which is schematically illustrated in Figure 1.6. The propagating SP wave has an accompanying
electric field that decays exponentially both in the direction of propagation, due to energy losses
to the metal, and perpendicular to the interface into both the metal and the dielectric medium. The
decay length depends on the dielectric properties of the metal and the medium.
7

The energy for an SP wave is always smaller than that of bulk plasmons and the plasmon
frequency is given by:

𝜔𝑆𝑃 =

𝜔𝑝
√2

Figure 1.6: Schematic of a surface plasmon propagating along the x-axis.

A propagating SP wave carries momentum and by solving Maxwell’s equations with
specific boundary conditions, the dispersion relation of an SP can be derived as:

𝑘𝑆𝑃 =

2𝜋 𝜀 𝜀𝑚
√
𝜆 𝜀 + 𝜀𝑚

where 𝑘𝑆𝑃 is the wave vector for the SP, 𝜆 is the wavelength of the incident light, and 𝜀 and 𝜀𝑚 are the
dielectric permeability constant at that wavelength for the metal and the medium, respectively.

8

For SP to be excited, both the frequency (energy) and the wave vector (momentum) need
to be conserved, which cannot be achieved by simply illuminating a metal surface with light
passing through air. Therefore, isotropic surrounding medium works best to conserve both.

When light incident into MNPs with size smaller that the incident wavelength, the electric
field of the incident light will move the free electrons in the MNPs away from their equilibrium
position centers which creates polarization of the MNPs. However, the coulombic attraction
between the electrons and the atomic cores acts as a restoring force, which gives rise to electron
oscillation at a specific frequency. If the frequency of the collective oscillation matches the
incident frequency, resonance occurs, and phenomena is called localized surface plasmon
resonance (LSPR), which is illustrated in Figure 1.7.

Figure 1.7: Schematic illustration of localized surface plasmon resonance induced by an external electrical field.

The motion of these electrons changes the charge density around the nanostructure causing
enhancement of the electromagnetic field which is called near-field enhancement (NFE). This
enhancement is maximum near the surface of the plasmonic nanostructure and decreases
exponentially away from the surface as shown in Figure 1.8(a). Electromagnetic near-fields at the
plasmon resonance decay proportional to r -3, where r is the distance from the nano- structure, and
9

typically extend < 50 nm from the nanostructure surface. The near-fields generated by the LSPR
are governed by the metal nanostructure composition and shape [13-18]. For instance, near-field
effects are stronger for Ag relative to Au as shown in Figure 1.8(b) due to the wavelengthdependent behavior of the real and imaginary dielectric functions as shown in Figure 1.5. Nonspherical nanostructures with sharp features, such as nano-cube, generate a high concentration of
charges localized at the edges and corners, attributed to the lightning-rod effect [13,20-22].

Figure 1.8: (a) Near field enhancement as a function of distance from the particle surface. (b) Near field profiles
for Ag and Au nano-cube and nano-sphere [13].

1.2.2 Mie Scattering Theory

The interaction between light and small MNPs was first described by Gustav Mie over a
century ago [23]. He developed an analytical solution to Maxwell’s equations that describes the
scattering and absorption of light by spherical MNPs.
The interaction of a particle with the electromagnetic ﬁeld can be analyzed using the simple
quasi-static approximation provided that the particle is much smaller than the wavelength of light
within the surrounding medium with dielectric constant 𝜀𝑚 . Consider a spherical MNP of radius 𝑎
10

and dielectric 𝜀(𝜔) = 𝜀𝑟 (𝜔) + 𝑖𝜀𝑖 (𝜔) and it is placed in a uniform electric field 𝐸 = 𝐸0 𝑧̂ , as
shown in Figure 1.9.

In the quasi-static approximation, light scattering by sphere particles is addressed by
solving the Laplace equation for the scalar electric potential
∇2 Φ1 = 0 and 𝐸 = −∇ Φ

Figure 1.9: Sketch of homogenous metal sphere in electrostatic field.

Due to the azimuthal symmetry, the general solution of the potential for inside and outside
the sphere can be written as:
∞

Φ𝑖𝑛 (𝑟, 𝜃) = ∑ 𝐴𝑙 𝑟 𝑙 𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑙=0

∞

Φ𝑜𝑢𝑡 (𝑟, 𝜃) = −𝐸0 𝑟𝑃1 (𝑐𝑜𝑠𝜃) + ∑ 𝐵𝑙 𝑟 −(𝑙+1) 𝑃𝑙 (𝑐𝑜𝑠𝜃)
𝑙=0
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where 𝑃𝑙 (𝑐𝑜𝑠𝜃) is the Legendre Polynomial of order l, 𝑃1 (𝑐𝑜𝑠𝜃) = 𝑐𝑜𝑠𝜃, and θ is the angle
between the position vector r and z-axis. 𝐴𝑙 and 𝐵𝑙 are the coefficients that can be determined from
the following boundary conditions:
(𝑖)

(𝑖𝑖)

− 𝜀

(𝑖𝑖𝑖)

Φ𝑖𝑛 = Φ𝑜𝑢𝑡 ,

𝑎𝑡 𝑟 = 𝑎

𝜕Φ𝑖𝑛
𝜕Φ𝑜𝑢𝑡
= −𝜀𝑚
,
𝜕𝑟
𝜕𝑟

𝑎𝑡 𝑟 = 𝑎

Φ𝑜𝑢𝑡 → −𝐸0 𝑟 cos 𝜃 ,

𝑓𝑜𝑟 𝑟 ≫ 𝑎

Boundary conduction (𝑖) requires that:
∞

∞

∑ 𝐴𝑙 𝑎𝑙 𝑃𝑙 (𝑐𝑜𝑠𝜃) = −𝐸0 𝑎𝑃1 (𝑐𝑜𝑠𝜃) + ∑ 𝐵𝑙 𝑎−(𝑙+1) 𝑃𝑙 (𝑐𝑜𝑠𝜃),
𝑙=0

𝑙=0

𝐴𝑙 𝑎𝑙 = 𝐵𝑙 𝑎−(𝑙+1) ,

𝐴1 𝑎 = −𝐸0 𝑎 +

𝐵1
,
𝑎2

𝑓𝑜𝑟 𝑙 ≠ 1,

𝑓𝑜𝑟 𝑙 = 1

Meanwhile, conduction (𝑖𝑖) yields:
∞

∞

− 𝜀 ∑ 𝑙𝐴𝑙 𝑎𝑙−1 𝑃𝑙 (𝑐𝑜𝑠𝜃) = 𝜀𝑚 𝐸0 𝑃1 (𝑐𝑜𝑠𝜃) + 𝜀𝑚 ∑(𝑙 + 1)𝐵𝑙 𝑎−(𝑙+2) 𝑃𝑙 (𝑐𝑜𝑠𝜃),
𝑙=0

𝑙=0

so
𝜀 𝑙𝐴𝑙 𝑎𝑙−1 = −𝜀𝑚 (𝑙 + 1)𝐵𝑙 𝑎−(𝑙+2) ,
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𝑓𝑜𝑟 𝑙 ≠ 1,

𝐵

𝜀 𝐴1 = −𝐸0 − 2𝜀𝑚 𝑎12 ,

𝑓𝑜𝑟 𝑙 = 1

It follows that:
𝐴𝑙 = 𝐵𝑙 = 0,

𝐴1 = −

𝑓𝑜𝑟 𝑙 ≠ 1,

3𝜀𝑚
𝐸 ,
𝜀 + 2𝜀𝑚 0

𝜀 − 𝜀𝑚 3
𝑎 𝐸0
𝜀 + 2𝜀𝑚

𝐵=

𝑓𝑜𝑟 𝑙 = 1

The potential for inside and outside the sphere can be written as:

Φ𝑖𝑛 (𝑟, 𝜃) = −

3𝜀𝑚
𝐸 𝑟𝑐𝑜𝑠𝜃
𝜀 + 2𝜀𝑚 0

Φ𝑜𝑢𝑡 (𝑟, 𝜃) = −𝐸0 𝑟𝑐𝑜𝑠𝜃 +

𝜀 − 𝜀𝑚 3 𝑐𝑜𝑠𝜃
𝑎 𝐸0 2
𝜀 + 2𝜀𝑚
𝑟

On the other hand, the potential of a point electric dipole with dipole moment 𝑝 = 𝑝𝑧̂ is:

Φ(𝑟, 𝜃) =

1
𝑐𝑜𝑠𝜃
𝑝 2
4𝜋𝜀𝑚 𝑟

Comparing this potential with Φ𝑜𝑢𝑡 shows that the latter is a superposition of the applied field and
that of a dipole located at the particle center. Φ𝑜𝑢𝑡 can be express in term of dipole moment as:

Φ𝑜𝑢𝑡 (𝑟, 𝜃) = −𝐸0 𝑟𝑐𝑜𝑠𝜃 +

𝑝 = 4𝜋𝜀𝑚
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1
𝑐𝑜𝑠𝜃
𝑝 2
4𝜋𝜀𝑚 𝑟

𝜀 − 𝜀𝑚 3
𝑎 𝐸0
𝜀 + 2𝜀𝑚

The induced electric dipole moment is indeed 𝑝 = 𝛼 𝜀𝑚 𝐸0 with polarizability 𝛼 as:

𝛼 = 4𝜋𝑎3

𝜀 − 𝜀𝑚
𝜀 + 2𝜀𝑚

The scattering cross-section ( 𝜎𝑠𝑐𝑎 ) and absorption cross-section ( 𝜎𝑎𝑏𝑠 ) can be calculared
from 𝛼 as:

𝜎𝑠𝑐𝑎 =

𝑘2
8𝜋 4 6 𝜀 − 𝜀𝑚 2
| 𝛼|2 =
𝑘 𝑎 |
|
6𝜋
3
𝜀 + 2𝜀𝑚

𝜎𝑎𝑏𝑠 = 𝑘Im[𝛼] = 4𝜋𝑘𝑎3 Im [

𝜀 − 𝜀𝑚
]
𝜀 + 2𝜀𝑚

where 𝑘 is the incoming wave vector. The extinction cross-section of MNPs is composed of
absorption and scattering cross-section (𝜎𝑒𝑥𝑡 = 𝜎𝑎𝑏𝑠 + 𝜎𝑠𝑐𝑎 ) and the degree of contribution of
these two components depends on the nature and size of the metal sphere.

From the above formulas, it is noteworthy that:

(i)

The plasomnic propraties of any material are defined by its 𝜀(𝜔).

(ii)

The absorption cross-section is proportional to 𝑎3 and it is dominated for small NPs

(Figure 1.10(a)) whereas the scattering cross-section varies as 𝑎6 with respect to a and it is
dominated for big NPs as illistrated in Figure 1.10(b). The difference in the source of extinction
can play an important role in NPs use in a particular plasmonic application. For instance, heating
the particles due to the particle absorption may occur which can lead to melting and destruction of
the particle at high incident optical intensities. On the other hand, large scattering efficiencies will
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result in significant redirection of incident optical power [10].

Figure 1.10: Scattering and absorption cross-section spectra for (a) small NPs, and (b) big NPs [15].

(iii)

There is a resonant enhancement when the denominator in the cross-section equation,

| 𝜀 + 2𝜀𝑚 |, is minimized in which the condition 𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚 is satisfied [6,9]. This
relationship is called the Fröhlich condition and it explains the dependence of the LSPR extinction
peak on the surrounding dielectric medium. The dielectric permittivity of the surrounding medium
can be normally considered as a constant and real, which means that the real part in the dielectric
function of the MNPs is required to possess a negative value in order for the maximum to occur.
The imaginary part of the dielectric function also plays a role in the plasmon resonance that is
resonance peak broadening. As implied by Figure 1.5(b), Ag suffers lower losses than Au, which
results in higher scattering efficiency and narrower plasmon linewidth [13].

1.2.3 Tunability of the LSPR properties

The unique optical properties of the MNPs depend strongly on the structural parameters
(size and shape), type of the metal and the dielectric function of the surrounding material. Other
parameters that have a dramatic effect on their optical response are the plasmonic coupling with
nearby structures, the orientation of the particles relative to the incident radiation and the
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polarization state of the incident light. By tuning these variables, the optical properties of LSPR
modes can be varied over the entire UV-Visible spectral regions. All these factors are addressed
in detail in the subsequent subsections.

1.2.3.1 Effect of the material

For different metals, the LSPR is fulfilled at different wavelengths; noble metal
nanospheres are widely studied because their plasmonic resonance occurs in the visible portion of
the electromagnetic spectrum [9-13,24]. Specifically, gold NPs have been widely studied because
of their early discovery and biological compatibility. Silver and copper exhibit blue- and redshifted resonances with respect to gold, respectively.

1.2.3.2 Effect of the metal nanostructure size

The size of MNPs play an important role in technical application [25-34]. Depending on the
size of MNPs, there are three size effects; extrinsic size effects, intrinsic size effects, and quantum
size effects.

The extrinsic size effect is a retardation effect and appears when MNP size increases with
respect to the resonant electromagnetic wavelength. When MNP size is comparable to or larger
than the resonant electromagnetic wavelength, the electric field distribution along the particle is
non-uniform, electron cloud polarization is no longer coherent in each point of the metal, and
multipolar plasmon oscillations are excited [24]. Therefore, the extrinsic size effect is responsible
for the broadening and red-shift of the LSPR with the increasing in the MNP size as shown in
Figure 1.11(a). The red-shifts due to the decrease in the restoring force between the opposite
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charges [34]. A larger particle will support a longer period in the collective oscillatory motion of
the electrons corresponding to the increased distance of motion. For Au-NPs, extrinsic size effects
are dominant with the size larger than 60 nm [9].

Intrinsic size effects are due to the modification of the metal optical constant because of
additional contributions to the free electron relaxation rate when the nanoparticle size is reduced.
In this case, the free electron scattering at the particle surface is no longer negligible when the
conduction electron mean free path becomes comparable to particle size. The intrinsic size effect
appears in the optical absorption spectrum as a damping of the LSPR band due to the increase of
non-radiative decay rate and Im[𝜀(𝜔)] as shown in Figure 1.11(b) [24]. For gold nanoparticles,
intrinsic size effects are dominant with the size is below 30 nm where the conduction electron
mean free path is ~30 nm [9].

Quantum size effects due to the modification on the optical constant when approaching the
quantum regime, with size between 2 and 10 nm. At this range of size, the lattice contraction
occurs, with a consequent increase in electron density, which blueshift the LSPR [9].

Figure 1.11: Absorption spectra of Au nanospheres with various particle sizes showing (a) a red-shift as an
extrinsic size effect [26], and (b) a broadening and damping as an intrinsic size effect with size decreasing from
to 25 to 5 nm [9].
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1.2.3.3 Effect of the shape

The shape of a metal nanostructure can have a significant effect on the plasmonic properties
of a nanoparticle [13,16,19,20,30-34]. The recent advances in the nanofabrication techniques allow
the synthesis of well-defined NPs of different sizes and shapes which enables tailoring the optical
properties over a wide optical range as shown in Figure 1.12. Variations in their morphology
results in changing the distribution and the separation of the surface charges and hence the optical
response of the NPs [10,18].

Figure 1.12: Optical spectra for different gold nanoparticle morphologies [10].
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Metal nanorods are one particularly interesting shape owing to their strong plasmonic
resonance and tunability over a wide range of visible to NIR wavelengths. Metal nanorods had two
modes, transverse surface plasmon resonance (TSPR) with charge oscillations along the shorter
axes and longitudinal surface plasmon resonance (LSPR) with the electronic oscillation along the
longer axis as shown in Figure 1.13(a). An increase in the size aspect ratio (length-to-width ratios)
gives rise to longer oscillation path which shifts the maximal absorption band to longer
wavelengths as shown in Figure 1.13(b) [30-36]. As the aspect ratio increases, two peaks become
evident in the extinction spectra. The peak at 525 nm is due to a TSPR across the width of the
nanorod while the long wavelength peak is due to LSPR.

Moreover, the PL intensity for metal nanorode and nanowire is very sensitive to the
polarization direction of incident excitation light and varied with a period of 180° (Figure 1.13(c)).
Strong intensity was found when the polarization direction was along the length axis of single
nanowire due to strong LSPR and it is reduced for the transverse polarization [37,38].

Figure 1.13: (a) Schematic representation of the LSPR and TSPR. (b) Au nanorods with various aspect ratios (long
to short side ratio) [30]. (c) PL intensity from a single Ag nanowire as a function of the excitation laser polarization
angle. The solid dots represent the experimental data and the solid line represents a fit based on sinusoid [38].
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1.2.3.4 Effect of the orientation of the particles in the incident light

The relative orientation of the NPs in the incident electric field determine the induction of
the electric dipoles along different symmetry axes and hence, the type of the excited LSPR mode.
For the spherical NPs, the type of the incident light has no effect on the type of the excited LSPR
mode due to their high order symmetry. In the multiple fold symmetry particles, such as like-rod
shapes, depending upon the placement, the incident light (e.g. plane polarized) can interact with
the particle at different angles [39]. As shown in Figure 1.14(a), the intensity of the longitudinal
mode of the nanorod decreases monotonically when the angle between the nanorod and incident
light changes from 90 to 0°. However, by plotting the ratio of the intensity of longitudinal to
transverse modes against the orientation angle between the nanorod and the incident light, the
angular dependence of the intensity of the two resonance modes can be seen more clearly as shown
in Figure 1.14(b). The intensity ratio increases monotonically with the increasing angle; hence, it
is expected that plasmonic tuning can be achieved by controlling the orientation of nanorod [39].

Figure 1.14: (a) Extinction efficiency spectra of Au-NPs in different orientations under unpolarized incident light.
(b) The intensity ratio of longitudinal and transverse modes of Au-NPs in different orientations [39].
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1.2.3.5 Effect of the dielectric function of surrounding medium

While it is clear that the type of metal has a strong effect on the plasmonic properties of a
nanostructure, the surrounding dielectric medium has a significant effect as well [9,30,31,35].
Using the Drude dielectric function for 𝜔𝑟 (𝜔) on the high-frequency limit and setting Fröhlich
condition (𝑅𝑒[𝜀(𝜔)] = −2𝜀𝑚 ), the resonance frequency for a dipolar localized surface plasmon
can be expressed as the following:

𝜔𝐿𝑆𝑃 =

𝜔𝑝
√1 + 2𝜀𝑚

where 𝜔𝐿𝑆𝑃 is the LSPR peak frequency. Converting from frequency to wavelength via
𝜆 = 2𝜋𝑐/𝜔, and then from dielectric constant to index of refraction via 𝜀𝑚 = 𝑛𝑚 2 ,
𝜔𝐿𝑆𝑃 expression can be as:

𝜆𝐿𝑆𝑃𝑅 = 𝜆𝑝 √1 + 2𝜀𝑚 = 𝜆𝑝 √1 + 2𝑛𝑚 2
where 𝜆𝐿𝑆𝑃𝑅 is the LSPR peak wavelength and 𝜆𝑝 is the wavelength corresponding to the plasma
frequency of the bulk metal. Thus, a change in 𝜀𝑚 corresponds to a change in the LSPR frequency
of MNPs. For example, since 𝑅𝑒[𝜀(𝜔)] for Au decreases versus wavelength (Figure 1.5), the
LSPR is red-shifted for increasing 𝜀𝑚 as shown in Figure 1.15. The red-shift is associated to the
increase of the screening of the surface charges with the increasing of the dielectric constant of the
medium, which weakens the restoring force on the electrons. As a result, less energy is required to
excite the electrons and hence the resonance occurs at lower frequency, which red-shifts LSPR
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frequency [9,10,13]. This makes MNPs sensitive probes for detecting local reflective index
changes.

Figure 1.15: Mie model calculation of the LSPR of a 20 nm Au-NP in different index of refraction [9].

1.2.3.6 Effect of the plasmonic coupling

Although Mie theory is easily implemented computationally, it is restricted to a spherical
or ellipsoidal geometry and is not applicable to arbitrary shaped complex structures. Recently,
Prodan et al have suggested a new model termed plasmon hybridization to describe the plasmon
behaviors in complex nanostructures of arbitrary shapes like nanoshells, nanoeggs, nanorice, and
multiple nanoparticle assemblies, where plasmons on neighboring structures or surfaces interact,
mix and hybridize, just like the electron wavefunctions of simple atomic and molecular orbitals.
This model provides scientists with a powerful tool to predict the plasmonic optical properties for
the new design of the metallic composite nanostructures [41].

The simplest case is to consider two closely spaced spherical metal nanoparticles separated
with a distance smaller than incident light wavelength. Electromagnetic interactions between
adjacent nanoparticles known as plasmonic coupling. Depending on the polarization direction of
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the exciting light, it can either form a “bonding” plasmon mode (lower excitation energy mode)
when incident electric field polarization is parallel to the dimer axis, or an “anti-bonding” plasmon
mode (higher excitation energy mode) when incident electric field polarization is perpendicular to
the dimer axis as illustrated in Figure 1.16 [6,42,43].

The restoring force acting on the oscillating electrons of each NP in the chain is either
increased (in the transverse modes) or decreased (bonding plasmon mode) by the charge
distribution of neighboring particles. As a result, in the anti-bonding mode, more energy is required
to excite the electrons and hence the resonance occurs at higher frequency, which blue-shifts LSPR
frequency. However, the opposite is true for bonding mode. The shift increases monotonically with
the decreasing in the gap; hence, it is expected that plasmonic tuning can be accomplished by
controlling the gap between MNPs (Figure 1.16) [12,43].

Figure 1.16: Schematic of near-field coupling between metallic NPs, Au field intensity profile and excitation spectra
for two different incident polarized light (a) longitudinal modes, and (b) transverse modes [6,43].
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In the anti-bonding mode, the local field enhancement is effectively the same as for an
isolated nanoparticle. On the other hand, in bonding mode a gap mode between MNPs, usually
called “hot spots”, with larger near-field enhancement compared to a single particle can be
established as shown in Figure 1.17(a) and (b) [20,40]. The induced local electrical field can be
enhanced by a factor of x100 compared to the surrounding electric field [7]. This enhancement
factor increases monotonically as the distance between the two particles is reduced to
approximately 1 nm [9]. Below ~1 nm the enhancement factor remains constant or it decreases
(Figure 1.17(c)), due to the appearance of quantum effects in the interaction between the electronic
density of the two NPs, and to the possibility of electron tunneling from surface to surface
[7,9,12,43].

Figure 1.17: Plasmonic field enhancement due to hot spots for the spherical NPs (a) single MNP (b) two MNPs
with 4 nm distance, and (c) with 1 nm distance [7].

1.2.4 Photoluminescence

When light of sufficient energy is incident on a photoactive material (fluorophore), photons
are absorbed and radiation at longer wavelength are emitted. The emission of light from any matter
upon photo excitation is called photoluminescence (PL). The excitation of fluorophores and
subsequent emission can be well described using the Jablonski diagram (Scheme 1.18) [44].
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Following light absorption, fluorophore is excited from the ground state (S0) to a higher state (S2).
The fluorophore relaxes in non-radiative manner, called internal conversion (IC), to a lower state
(S1) and then comes to the ground state by the light emission. This process involves the dissipation
of energy from the molecule to its surroundings.

Figure 1.18: Jablonski diagram for PL.

The excited molecule of a fluorophore can decay mainly through two pathways, radiative
decay and non-radiative. Spontaneous emission of light from the luminescent materials upon
relaxation to the ground state is known as Radiative decay. Non-radiative decay is the transfer of
energy to the surroundings via heat or vibration. Both are competing processes and they occur with
a certain probability which determines the dominant [12-17,44].

The transitions are almost instantaneous in nature, often occurring in timeframes ranging
from pico to nanosecond [44]. The average length of time, called the mean lifetime, or simply
lifetime, is the residual time that a molecule, which has absorbed a photon, will remain in the
excited state before returning to the ground state by emitting a photon. It can be shown that the
average length of time 𝜏0 for the set of molecules to decay to ground state is inversely proportional
to the decay rates as given below:
25

𝜏0 =

1
𝑘𝑟 + 𝑘𝑛𝑟

where 𝑘𝑟 and 𝑘𝑛𝑟 are radiative and non-radiative decay rates, respectively. The relaxation time of
the LSPR is size dependent.

Radiative and non-radiative decay rates together decide the of the Quantum yield, QY,
which is defined as the ratio of the number of photons emitted to the number of photons absorbed.
For a fluorophore free from quenching or other interferences, the QY can be expressed in the
following way:

𝑄𝑌 =

𝑘𝑟
= 𝑘𝑟 𝜏0
𝑘𝑟 + 𝑘𝑛𝑟

It is clear that when the radiative decay rate increases, lifetime decreases and quantum yield
increases. The emission intensity of the fluorophore is then given by [45-46]:
𝐼 = 𝑘𝑒𝑥 . 𝑄𝑌
where 𝑘𝑒𝑥 is the excitation rate. From this expression, it is worth notice that the emission intensity
of the fluorophore can be changed by changing its excitation rate and/or the quantum yield.

1.2.5 Modification of photoluminescence by metal nanoparticle

If a plasmonic nanocrystal is present in the vicinity of the fluorophore molecule, the
emission intensity of the fluorophore will be varied, and this make MNPs have drawn particular
interest. They have been known to either enhance [12-17,47-54] or quench [14,45-47,55-66] the
PL intensity of a fluorophore. The enhancement of the emission in the presence of a metal is
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broadly termed as metal-enhanced photoluminescence (MEP). The emission intensity variation is
usually realized in two ways: excitation enhancement and emission modification (radiative and/or
non-radiative decay modification) [8,17,47,49].

Excitation enhancement

As explained before, coupling of electromagnetic fields of incident light with the
oscillating electrons of the plasmonic metal leads to strong enhancement of local electric field near
the surface of the MNPs (NFE). This enhanced field may interact with the excited state
fluorophores, when kept closer to the metal surface, and may increase the rate of excitation
[8,47,49]. In this case, the metal nanostructures act as an optical antenna and concentrate the
incident light, whereas excited fluorophore act as transmitter and fluorophore in ground state as
receiver [8,14]. The PL enhancement here is due to the fact that the PL emitted power (𝑃fluorophore )
is proportional to photon flux of the excitation (𝑛) which is proportional to the electric field squared
(|𝐸|2 ), assuming that the excited state is no saturated. 𝑃fluorophore can be written as [17]:

𝑃fluorophore = 𝑘𝑛𝑄𝑌

and

𝑛 ∝ |𝐸|2

where 𝑘 is the excitation cross-section of a fluorophore, and QY is the quantum yield of the
fluorophore.

The excitation enhancement is maximized by using nanoparticles which absorb and do not
scatter light, plus concentrate the local field in gaps or sharp points [15]. Due to the coupling
between the oscillating electrons of the light emitter and the surface plasmons of the MNPs in the
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excitation enhancement, an overlap of the absorption wavelength of the MNPs and the emission
wavelength for the emitter is a preferable requirement for the efficient MEP [14,49].

Emission modification

In the vicinity of the plasmonic nanocrystal, the fluorophore molecule at the excited state
can undergo three possible decay pathways. They are non-radiative decay, radiative decay by
emission of a photon directly to the far field or relaxing rapidly by exciting the localized plasmon
resonance of the plasmonic nanocrystal via energy transfer as it will be explained in next section
[12,14,45]. The plasmon resonance could affect both the radiative and non-radiative decay rate of
the excited fluorophore near plasmonic NPs as shown in Figure 1.19. Once the localized plasmon
is excited, it can either decay non-radiatively at short distance between the fluorophore and MNPs
due to internal damping, or reradiate into the far field at intermediate distance [14]. As mentioned,
the non-radiative decay and reradiation rates of the plasmonic nanocrystal are basically determined
by its absorption and scattering cross-sections at the emission wavelength, respectively.
Furthermore, the modified decay time ( 𝜏𝑁𝑃 ) and quantum yield (𝑄𝑌𝑁𝑃 ) of a fluorophore near a
metallic NP are expressed respectively as follows [46]:

𝜏𝑁𝑃 =

1
𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇 + 𝑘𝑀𝐸𝑃

𝑄𝑌𝑁𝑃 =

𝑘𝑟 + 𝑘𝑀𝐸𝑃
𝑘𝑟 + 𝑘𝑛𝑟 + 𝑘𝐸𝑇 + 𝑘𝑀𝐸𝑃

where 𝑘𝑀𝐸𝑃 is the radiative decay rate due to MFP and 𝑘𝐸𝑅 is the non-radiative decay rate due to
energy transfer.
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Figure 1.19: Modified Jablonski diagram in the presence of a metal nanoparticle.

Emission quenching processes are dominant when the non-radiative energy transfer rate
dominates the radiative decay rate with the reducing in the lifetime and quantum yield. In the case
of emission enhancement, where radiative decay rate is signiﬁcant over the non-radiative decay
rates, reduced PL lifetime shows up with an increased quantum yield [17,46,47]. In fact, it is very
difficult to obtain a pure excitation or emission enhancement. The PL emission intensity is jointly
affected by both the excitation and emission enhancement. There have been several theories which
have been employed to describe the experimental observations of MEP. It has been suggested that
with the close proximity of the MNPs, PL quenching and enhancement of a fluorophore may be
simultaneous competing processes and depend on some factors like the size of MNPs, the distance
between MNPs and the fluorophore, and the overlapping between the plasmon and the fluorophore
emission or excitation wavelength.

If a small MNP (absorption cross-section dominates) placed in the close proximity (>5 nm)
of a fluorophore, this may cause PL enhancement. However, if big MNPs (scattering cross-section
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dominates) are placed, they tend to quench the PL of a fluorophore. Furthermore, PL quenching is
observed when MNPs are too close (< 5 nm) to the fluorophore [13-15,46,54,58,61,62].

The overlap between the plasmon and the fluorophore excitation or emission wavelengths
determine whether we can get enhancement or quenching of the fluorophore emission (Figure
1.20(a)). If the plasmon overlaps the fluorophore’s excitation wavelength, enhancement from its
free space value can occur (Figure 1.20(b)). Quenching of PL is observed if the plasmon overlaps
the fluorophore’s emission wavelength [15,57,61].

Figure 1.20: The plasmon overlaps with fluorophore’s (a) emission and (b) extinction [15].

1.2.6 Energy transfer mechanism

There have been several theories which have attempted to explain the nature of energy
transfer between a fluorophore and MNPs under different conditions of the metal-fluorophore pair
such as Förster resonance energy transfer (FRET), nanoparticle surface energy transfer (NSET)
and Dexter energy transfer (DET). A brief description of these theories is provided in this section.

To understand FRET and NSET processes, Fermi Golden Rule in the dipole approximation
of energy transfer need to be discussed. The Golden Rule relates the energy transfer rate (𝑘𝐸𝑇 )
between the donor (MNP) and acceptor (fluorophore) to a product of the interaction elements of

30

the donor (𝐹𝐷 ) and acceptor (𝐹𝐴 ), 𝑘𝐸𝑇 ≈ 𝐹𝐷 𝐹𝐴 [61-63]. These interaction elements can be
simplified such that their separation distance (𝑑) depends solely on their geometric arrangement.
For single dipoles, 𝐹 ≈ 1/𝑑 3 , for a 2D dipole array, 𝐹 ≈ 1/𝑑, and for a 3D dipole array,
F = constant such that the power of the distance factor decreases as the dimension increases [63].

Förster provided a model saying that the energy released from an excited donor
(fluorophore) could simultaneously excite the ground-state acceptor (MNP) through non-radiative
dipole-dipole interaction as illustrates in Figure 1.21[45,50,55-59,67]. This process occurs
whenever the emission spectrum of a donor overlaps with the absorption spectrum of the acceptor
[67]. Since donor and acceptor are coupled by a dipole–dipole interaction, it is easily derived from
Golden Rule such that 𝑘𝐹𝑅𝐸𝑇 ≈ 𝐹𝐷 𝐹𝐴 ≈ (1/𝑑3 )(1/𝑑 3 ) ≈ 1/𝑑 6 [63].

Figure 1.21: Illustrating the FRET process.

The exact formula of the energy transfer rate in FRET system separated by a distance 𝑟,
which typically has a detectable distance limited to <10 nm [15,45,56,60,64], is usually analyzed
in terms of the following expression [44,67]:

𝑘𝐹𝑅𝐸𝑇 =

1 𝑅0 6
( )
𝜏𝐷 𝑟
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where 𝜏𝐷 is the lifetime of the donor in the absence of energy transfer and 𝑅0 is the distance at
which the efficiency of energy transfer is 50%. The 𝑅0 is given by [67]:
𝑅0 = 0.211[𝑘 2 . 𝑛−4 . QYD . 𝐽(𝜆)]1/6 [𝐴]
where n is the index of the medium, 𝐽(𝜆) represents the overlap integral between the fluorophore
emission and MNPs absorption spectrum and QYD is the quantum yield of the donor in the absence
of the acceptor. The parameter 𝑘 2 is the orientation factor, which represents the influence of the
excitonic dipole orientation related to the plasmonic resonance dipole.

It is clear that the occurrence of FRET depends strongly on the donor-accepter distance,
the relative orientation of the two transition dipoles, and the spectral overlap between the emission
wavelength of the donor and absorption wavelength of the acceptor. These factors are summarized
in Figure 1.22 [14].

Figure 1.22: Schematic diagrams showing the three conditions that should be required for efficient FRET. (a) The
emission spectrum from the donor fluorophore must overlap with the excitation spectrum of the accepter
fluorophore. (b) The donor and the accepter should be within ~10 nm of one another. (c) The donor and acceptor
fluorophore dipoles should be parallel to each other [12].
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Since the FRET suffers from a limited length scale of approximately 10 nm, it seems to be
inappropriate for the condensed-phase systems where donors and accepters can be closely packed.
FRET is also breaking down when the energy transfer occurs from a fluorophore to a nanometal
surface, which was attributed to the surface energy transfer (SET) [65]. Therefore, in recent years,
SET has gained interest because this technique is capable of measuring distances nearly twice as
big as those measured by FRET, which will help understand the large-scale conformational
dynamics in macroscopic detail [64]. Persson and Lang provided a model explaining SET as an
energy transfer between a fluorophore as a donor and MNPs as an accepter demonstrates a longerrange energy transfer phenomenon due to the localized surface plasmon coupled and described by
the nanoparticle surface energy transfer (NSET) mechanism [68]. Unlike the case of FRET, NSET
does not require any resonant electronic transition [66]. Due to a large difference in donor and
acceptor dimensions, the system is considered as a point dipole interacting with an infinite metal
surface for small separation distance and large MNPs [65]. According to the Golden Rule, the
surface rate of energy transfer from a single dipole to a nanometal surface can be written as
𝑘𝑁𝑆𝐸𝑇 ≈ 𝐹𝐷 𝐹𝐴 ≈ (1/𝑑 3 )(1/𝑑) ≈ 1/𝑑 4 [63].
The exact formula of the energy transfer rate in NSET system separated by a distance 𝑟
(~20 nm) [15,56,60,63,64], is usually analyzed in terms of the following expression [63,64,66]:

𝑘𝑁𝑆𝐸𝑇

1 𝑑0 4
= ( )
𝜏𝐷 𝑟

where 𝜏𝐷 is the lifetime of the donor in the absence of energy transfer and 𝑑0 is the distance at
which the efficiency of energy transfer is 50%. The 𝑑0 is given by [61-65]:
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𝑑0 = [0.225

𝑐 3 . QYD 1/4
]
𝜔𝐷 2 𝜔𝐹 𝑘𝐹

where 𝜔𝐷 and QYD represent the angular frequency and quantum yield of the donor, 𝜔𝐹 and 𝑘𝐹
represent the angular frequency and Fermi wavevector for bulk metal, respectively, and 𝑐 is the
speed of light in vacuum. It can be seen from 𝑑0 formula that 𝑑0 and then NSET rate don’t depend
on the donor and MNP size [65].

The energy transfer efficiency E, the probability of de-excitation via energy transfer,
defines the fraction of the energy transfer event occurring per donor excitation event according
to [12]:

𝐸=

𝑘𝐸𝑇
𝑘𝐷 + 𝑘𝐸𝑇

where 𝑘𝐷 is the sum of the radiative and non-radiative decay rates of the donor and 𝑘𝐸𝑇 is the
energy transfer rate. By substitute 𝑘𝐹𝑅𝐸𝑇 and 𝑘𝑁𝑆𝐸𝑇 , a generic form of the quenching efficiency
can be expressed allows the distance of separation between the donor and acceptor (𝑟) and the 𝑅0
value to be solved, leading to a power law distance dependence as the following:

𝐸=

1
𝑟 𝑚
1 + (𝑅 )
0

where 𝑚 is dependent on the nature of energy transfer (𝑚 = 6 for FRET and 𝑚 = 3 for NSET).

Independently, David L. Dexter provided another mechanism that an excited donor and an
acceptor might indeed exchange electrons to accomplish the non-radiative process as illustrated in
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Figure 1.23[69]. DET occurs due to the physical overlap between the wave functions of the
donor emission and acceptor NP that results in electron transfer which is translated into energy
transfer [70,71].

Figure 1.23: Illustrating the DET process.

Unlike the sixth-power dependence of FRET, the reaction rate constant of DET
exponentially decays as the distance between these two parties increases and given by [70,71]:

𝑘𝐷𝐸𝑇 =

2𝜋 2 −2𝑟/𝐿
𝐾 𝐽𝑒
ℏ

where 𝐾 is a constant in units of energy, 𝑟 is the donor- acceptor distance, 𝐿 is also a constant
value called effective average Bohr radius, and 𝐽 is the spectral overlap integral. The rate constant
of exchange energy transfer decays steeply because of its intrinsic exponential relationship, which
is the reason that the exchange energy transfer is also called the short-range energy transfer,
typically occurs within 10 Angstroms.

1.2.7 Application of gold nanoparticles

Gold NPs have attracted great attention due to their unique optical, electrical, and chemical
properties. They have rich color in the visible range; they are also known to be nontoxic and the
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most stable MNPs. Numerous studies have been reported on the synthesis, property and application
development of gold clusters, colloids, and NPs. Gold NPs, have many applications in electronics,
solar cells and catalysts, but they have been extremely popular in biological applications as shown
in Figure 1.24 [14,32,72].

Gold NPs scatter light very strongly at the visible frequency, making them very promising
for optical imaging and labeling of biological systems. The gold NPs are excited by a broad whitelight source, but only light frequencies corresponding to the LSPR are strongly scattered. The NPs
are seen as bright spots with a color corresponding to the LSPR frequency on a dark background.
Also, Au-NPs can bind with a wide range of organic molecules so they have been used as
therapeutic agents or vaccine carriers into the specific cells so that they can increase the efficiency
of drugs and can destroy pathogens. Moreover, Au-NPs produce heat when excited by light at
wavelengths from 700 to 800 nm. This enables these NPs to destroy targeted tumors. When light
is applied to a tumor-containing Au-NPs, the particles rapidly heat up, killing tumor cells
in a treatment also known as hyperthermia therapy [33,72]. As mentioned before, LSPR frequency
depends on the dielectric constant of the medium surrounding the nanoparticle. A binding of
a target molecule to a recognition molecule causes a plasmon band shift due to the change on
the dielectric constant of the medium surrounding the nanoparticle, serving as an optical sensing
tool [10,15].
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Figure 1.24: Some biological applications of gold ananoparticels [72].

The work performed in this dissertation is divided into two parts, i) the synthesis of Au
nanoparticles within the quartz substrates via ion implantation and ii) investigation of PL
properties of CsPbX (X = Cl3, Br3, Br2I and I3) on the implanted substrates. Gold ions were ion
implanted within the quartz substrates using negative ion source connected to the WMU
accelerator. Two sets of substrates were implanted. Substrates implanted with 40 keV Au-1 ions at
fixed fluence were subjected to annealing to understand the diffusion mechanism of Au within the
substrates and for MEP studies the substrates were implanted with different fluences at 70 keV.

1.3

Dissertation Outline
In chapter 1 we gave an introduction to the metal nanoparticles and their optical proprieties.

In chapter 2 background theory of experimental methods is discussed. Chapter 3 explains the
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experimental methods describing the detailed nanoparticles synthesis followed by the description
of instruments used in the characterization of nanoparticles. Chapter 4 gives the results and
discussion and chapter 5 gives the conclusion drawn and a summary of the completed work.
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CHAPTER 2
INTRODUCTION TO EXPERIMENTAL TECHNIQUES
In chapter 1, we introduced the nanotechlogy and nanoscale properties of metal
nanoparticles. In this chapter we provide the introduction to theory behind the experimental
techniques used in this dissertation.

2.1 Accelerators
2.1.1 Van de Graaff accelerator

The Van de Graaff machine was designed by an American physicist Robert Jemison Van
de Graaff (1901-1967). Figure 2.1 shows a diagram of a typical Van de Graaff machine. In this
machine, a continually moving belt of insulating material runs between two pulleys which are
separated by an insulated column. The lower pulley is grounded and attached to the pulley is a
sharp metallic comb which is maintained at a potential difference of a few kV between itself and
the pulley. A high electric field is produced at the tip of the comb and an electrical discharge occurs
through the belt from the comb to the pulley, removing electrons from the belt, making it positively
charged. The belt carries the charge up to the top pulley which is inside a large ball shaped metal
electrode. The electrode then acquires an increasing positive charge and correspondingly high
electric potential. The voltage rises rapidly until an equilibrium is established where the rate of
loss of negative charge balances the positive charge current carried by the moving belt. In this
way, the Van de Graaff machine can reach very high electric potentials of few million volts.
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In a Van de Graaff accelerator, the high voltage terminal is coupled to an accelerating tube
having an ion source. The maximum accelerating potential is limited by breakdown across the
accelerating tube and charge leakage from the high voltage terminal. However, with careful design,
Van de Graaff accelerators operating at accelerating potentials in excess of 25 MV have been built.

Figure 2.1: A diagram of a typical Van de Graaff machine.

2.1.2 Tandem Van de Graaff

The maximum energy obtainable from the Van de Graaff accelerator can be greatly
increased by the application of the "tandem" principle. The tandem accelerator is a clever
innovation and the first tandem accelerator built in the 1950s. The name Tandem stems from the
fact that the voltage is used twice by changing the charge of the ions [73,74].
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In a tandem Van de Graaff accelerator, as it shown in Figure 2.2, negatively charged ions
are injected from the ion source into the acceleration tube. Negatively ions are accelerated in a first
tube from ground potential and attracted to the positive high-voltage terminal in the center of a
pressurized tank.

Figure 2.2: Principal Sketch of a Tandem Accelerator.

Inside the terminal the negative ions, which now have an energy in MeV, pass through a
stripper system as it shown in Figure 2.3. Stripper system, which uses either a very thin carbon foil
or a gas canal (usually nitrogen, oxygen or argon), removes two or more electrons from each ions
producing a positive-ion beam. The beam is now composed of positive ions with a distribution of
different charge states and these ions are accelerated in a second tube, away from the terminal,
back to ground potential. The ions thus gain kinetic energy twice, once as negative ions and then
as positive ions in a tandem fashion. The acceleration of each ion depends on its charge state 𝑞 so
that the final energy E of the ions E = (𝑞 + 1)V, where V is the terminal potential (high voltage).
Heavy ions can lose several electrons in the strip off event and can respectively reach higher kinetic
energies. At both ends of the accelerator, low and high energy charging chains are placed. Each of
them can carry 100 µA of current [74]. The chains carry a net positive charge to the terminal which
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maintaines at a large net positive potential. Accelerators of this kind are able to accelerate protons
to energies in excess of 40 MeV.

Figure 2.3: Stripping system (charge exchange processes).

The tandem configuration has two important advantages over a single-stage setup. First,
lower terminal voltages are required, and second, both the source and the ion exit operate near
ground potential. Many tandem Van de Graaff accelerators are in operation throughout the world,
including the 6MV tandem Van De Graaff facility at WMU in Michigan. Its arrangement is showed
in Figure 2.4.
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Figure 2.4: System arrangement of the 6MV tandem accelerator

At the beginning, there are ion sources which are used to create the negative ion beam (in
the case of WMU accelerator: SNICS or RF exchange ion source). Then, the singly charged
negative ions pass through the mass analyzing magnet, where ions are separated by mass and the
desired ion is injected into the beamline. Ions with the low or high mass are deflected and stopped.
After that, the ion beam is focused on the low energy (L.E) faraday cup (FC) with Einzel lens
(electrostatic single lens) and manipulated by X and Y steerers to guide the beam the high voltage
terminal. Einzel lens usually consists of three plates or rings held at different potentials that can
focus a beam of electrons to a single point without changing the energy of the beam. The focusing
is accomplished through the electric field manipulation by changing the voltage applied to the
middle electrode (Figure 2.5).
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The negative ions in 6MV tandem accelerator then are accelerated in the first tube from
ground potential to a positively charged high-voltage terminal in the middle of the tank. In the
middle inside the accelerator, stripper system changes the injected negative ions into positive ions.
Positively charged outgoing ions are accelerated in the second tube, away from the terminal, back
to the ground potential and the beam is maximized on the high energy (H.E) FC. After that, a
quadrupole, placed between the accelerator tank and 90o analyzing bending magnet is used focus
the desired charge on the analyzing FC. Switching magnet, switches the beam to the experimental
end station.

Figure 2.5: Principle of an electrostatic Einzel lens.

2.2 Ion Sources
Ion sources are mainly used to produce and deliver ion beams that may be directly used
from the source or after acceleration by a simple or complex accelerator structure. They have uses
in a variety of research fields and applications such as particle accelerators, ion implantation, mass
separation, fusion, space propulsion, or for producing and/or tailoring the properties of a thin solid
film [75-81]. Ion sources can be classified into different categories such as:

1- The beam current intensity; low or high ion beam.
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2- The charge of beam particles; positive or negative, singly charged or multiply charged ions or
even a neutral beam.

3- The method used to produce ion beams in an ion source could from solids, liquids and gases.

In this section, brief description of production mechanisms and performance of some ion
sources is discussed. The main emphasis in the experiments presented in this dissertation is on the
production of negative ions.

2.2.1 Production of positive ions

Positive ions can be created by ionizing gas particles, forming a plasma, using ionizing
energy. Ionization of neutral atoms to form the plasma state can be accomplished through a
number of different processes such as, electron impact ionization, surface ionization (thermal
ionization), field ionization, and photo (laser) ionization [75-80]. Whatever the ionization process,
it needs to provide energy to overcome the binding energy of the electron. The first ionization
energy, which is needed for ionizing a neutral atom, has been measured for most elements. The
ionization energies fall between 3.89 eV for cesium and 24.6 eV for helium. The ionization energy
of hydrogen is 13.6 eV [75].

2.2.1.1 Electron impact ionization

Ionization of natural particles by collisions with energetic electrons is the most common
fundamental kind of ionization mechanism, which is named as electron impact ionization [76]. In
this process, as it illustrates in Figure 2.6, an electron is expelled during the collision process to
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convert the molecule to a positive ion with an odd number of energetic electrons. The basic process
in gas phase is [75]:

𝑒 + 𝑋 → 𝑋 + + 2𝑒

where 𝑋 is the element ionized and 𝑒 is a free electron. The free electrons in the gas are accelerated
by an applied electric field to energy exceeding the energy needed to remove the outer most bound
electron from the neutral atom, the ionization potential. In plasma, the mean electron energy is
3/2𝐾𝑇𝑒 , where 𝑇𝑒 is the plasma electron temperature. When the electron temperature is several
times the ionization potential of the gas being ionized, electron impact ionization within plasma is
maximum.

Figure 2.6: Electron impact ionization process.

2.2.1.2 Thermal ionization

In thermal ionization, atoms can be ionized by contact with a hot metal surface, also known
as surface ionization or contact ionization, as it shown in Figure 2.7. The temperature of the
material causes the distribution the populated energy levels by electrons to be modified, and some
electrons find higher energy levels, which may even allow the electrons to move to a high enough
energy to escape the material.
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Figure 2.7: Thermal ionization process.

2.2.1.3 Field ionization

When very intense electric fields are created at sharp points, the field emission can be used
to extract electrons or ions from the solid or liquid state, and this process is known as field
ionization as illustrated in Figure 2.8.

Figure 2.8: Field ionization process.

2.2.1.4 Photo ionization

When an intense beam of high energy photons is passed through a gas or vapor, the gas or
vapor will be ionized. The absorption of the photons by the atom, as it shown in Figure 2.9, will
result in ejection of an electron. i.e., photo ionization, if the photon energy exceeds the ionization
energy of the atom and any excess photon energy is carried off as electron energy.
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Figure 2.9: Photo ionization process.

2.2.2 The positive ion sources

Many kinds of plasma ion sources exist which are being used with a variety of accelerators.
The sources differ in the means of producing the discharge, or the physical arrangement for
extracting the ions from the plasma. Here, we will discuss two types of positive ion sources: surface
ionization ion source and radio frequency discharge ion source.

2.2.2.1 Surface ionization ion source

Surface ionization ion sources consist of a high temperature ionizer made of high work
function material such as Tungsten, Rhenium, Iridium, or Zeolite for positive ion production, or
low work function material such as Platinum coated with C, Tungsten with a Cs monolayer, or
Lanthanum hexaboride for the generation of negative ions. In surface ionization source as shown
in Figure 2.10, vapor flows from a reservoir with a liquid material into a heated ionizing surface.
When vapor atoms condense onto this heated surface, they become positive ions. The ionizer can
be coated with material containing the element to be ionized, or vapor of the respective element is
directed to the hot surface, where it may be ionized and reflected, adsorbed at the surface, and reevaporated.
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Figure 2.10: Surface ionization ion source.

2.2.2.2 RF discharge ion source

In practice, a RF discharge is formed in a vacuum vessel filled with a gas at a pressure of
about 10−3 to 10−2 torr. To establish a suitable discharge, a few hundred watts of RF power is
required. The RF frequency can vary from a megahertz to tens of megahertz. Two general
configurations exist that can excite a low-pressure gas by RF voltages. These are capacitive-type
system with two electrodes, or inductive type system with a coil. The two systems are shown
schematically in Figure 2.11. Most RF ion sources are operated with the second type of discharge.
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Figure 2.11: Schematic of two excitation schemes using radio-frequency electromagnetic fields. (a) capacitive
coupled system, and (b) inductively coupled system.

Figure 2.12 shows a schematic diagram of an inductively coupled RF ion source. It consists of
a quartz discharge chamber to reduce recombination at the inside surface of the vessel surrounded
by the RF induction coil from the outside. There are four external variables that affect the character
of the discharge and the resulting ion beam such as; the gas pressure in the bottle, the magnitude
and coupling to the plasma of the RF field, the external magnetic field and the extraction
voltage [81].

Figure 2.12: Inductively coupled RF ion source.
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2.2.2 Production of negative ions

Most of the elements and some molecules are capable of forming bound states as negative
ions. The processes involved in the attachment of an electron to a neutral atom are exothermic (the
internal energy decreases) in contrast to the endothermic processes (the internal energy increases)
required for positive-ion formation. The amount of energy needed to separate an electron from the
negative ion, electron affinity E, is a measure of the stability and ease of ion formation. The
electron affinities range from the negative to positive numbers as presented in Figure 2.13. E must
be positive for negative-ion stability. Negative values of electron affinity refer to unstable
negative-ion states.

Figure 2.13: Electron affinities and ionization energy of elements [82-84].
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Negative ions may be formed by means of several mechanisms such as volume processes
by electron impact, charge-exchange in metal vapors and on surfaces [75].

2.2.3.1 Volume production

In the volume production of negative ions, the process happens in the plasma volume at thermal
energies by attaching an additional electron to an atom during the interaction between electrons
with neutral molecules.

2.2.3.2 Charge exchange in metal vapors

Negative ions can be formed by charge exchange of positive ions, which is often the
method that used to form negative ion beams from positive ion beams. In this process, the positive
ion beam is passing through a vapor cell of low ionization potential atoms where the charge
exchange can be occurred.

2.2.3.3 Surface production

Negative ions are also can be created on surfaces. The surface production of negative ions
relies on bombardment of a surface with very small work function with positive ions or atoms. As
the incoming atom moves close to a surface which has low work function, its electrons will have
a ﬁnite probability of tunneling to the atom, forming a negative ion.

2.2.4 The negative ion sources

Formation of high-intensity negative ion beams has long been of interest in several areas
of physics. Each specific application requires different characteristics for the ion beam as charge
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state, intensity, purity, divergence, etc. Despite a large number of different types of sources are in
use worldwide, in order for an experiment to be successful, two points are important: first, the
extracted negative ion beam should be stable for precise measurements; second, the intensity of
the negative ion beam should be as high as possible.

The ion source used for production of negative ions in the experiments presented in this
dissertation is a source of negative ions by cesium sputtering (SNICS), which is a surface source
from solids and RF exchange charge source (NEC Alphatross) which is a volume source from
gases. SNICS and NEC Alphatross are connected to the WMU accelerator.

2.2.4.1 Source of negative ions by cesium sputtering (SNICS)

The SNICS, which was originally designed by Middleton [85], is the most versatile
negative ion source presently available. Its unique design and metal/ceramic construction with no
organic seals in the main housing of the source has produced a reliable system with superior
performance for all negative ions across the periodic table. The cathode used in SNICS is usually
a Cs coated cylindrical section of metal, usually Cu to avoid heat or charge build up, with a small
cavity drilled onto the cylinder axis. Powder containing the material from which the beam is
desired is loaded into the cavity of the cathode. The thin layer of the cesium on the surface of the
cathode is to increase the likelihood of negative ion creation of the sputtered cathode material. The
entire arrangement is in a high vacuum.

In the discharge chamber of the ion source, a reservoir of cesium is kept at high temperature
to approximately 1200 C to form cesium vapor which flows from the reservoir in vacuum into an
enclosed area between the cooled cathode and the heated conical surface ionizer (Figure 2.14). A
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hot conical ionizer is maintained at a positive potential inside the chamber. Some of the Cs vapors
condense on the front of the cathode which is kept at low temperature by insulating oil cooling,
while some ionized by the hot surface forming positive cesium ions. The ionized Cs then get
accelerated toward the cathode by the applied potential bias between the ionizer and the target
cathode. Some materials sputter negative ions, while some sputter natural or positive particles
which pick up electrons as they pass through the condensed Cs layer, producing negative ions.
Since the entire SNICS is operated below the ground potential and the extractor is kept at high
positive potential with respect to the whole ion source, the negative ions are accelerated from the
cathode and extracted out of the source to the low-energy end of the Van de Graff accelerator. The
entire arrangement is maintained at a high vacuum.

a

b

Figure 2.14: (a) Schematic of SNICS. (b) SNICS at Western Michigan University.

2.2.4.2 RF charge exchange ion source (Alphatross)

RF charge exchange ion source has RF oscillator to produce positive ions and a charge
exchange cell to produce negative ions. In WMU accelerator lab, this source is primarily used for
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He negative ions production. In RF-Source, as illustrated in Figure 2.15, helium gas is bled into a
quartz bottle which connected to an RF ocillator to create helium plasma. After that, the beam
excisting the quartz bottle and is injected into a rubidium vapor charge exchange cell, which has
higher charge exchange efficency. The collision between helium plasma and rubidium vapor can
lead to the production of negative helium ions. The ionization efficiency of charge transfer ion
sources for negative ions is usually between 10 and 40 percent [86].

a

b

Figure 2.15: (a) Schematic of RF charge exchange ion source. (b) RF charge exchange ion source at Western
Michigan University

2.3 Magnets in Tandem Accelerator
Guiding the beam to the respective end station requires dipole magnets. The WMU
accelerator has three dipole magnets. Inflection 20o bending magnet at the LE end filters the ion
beam coming from the sources. Analyzing 90o is calibrated magnet that filters the mass and charge
state of the accelerated beam at the HE end and switching magnet bends the beam to the respective
end station.
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2.4 Ion Implantation
Ion implantation has been the preferred method of introducing dopants into solid crystals
to change the physical, chemical, or electrical properties for decades, due to its many advantages.
The unique features of ion implantation are its accurate control of the fluence, depth and purity of
the implanted dopants, low temperature process and less sensitive to surface cleaning
procedures [87-96]. In this section, we present the basic physical concept of ion implantation.

2.4.1 Basic physical concept of ion implantation

When an energetic ion typically at a potential of 10-100 kV penetrates a solid, it undergoes
a series of collisions and interactions with the nuclei and electrons in the target before they
stop. Energetic particles lose their energy as they traverse the medium, via two energy loss
mechanisms [87-89]:
– Nuclear energy loss: it is due to the elastic collisions with the nuclei of the target atoms.
It increases with higher mass projectile/substrate combinations and is the dominant energy loss
mechanism at low energies.
– Electronic energy loss: it is due to the inelastic collisions with the electrons of target atoms.
It involves excitation and ionization of target electrons and increases with increasing ion velocity
(i.e. with higher energy and lower mass projectiles).

Therefore, a rate of energy loss inside the target is usually expressed in term of stopping
power and can be written as:
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𝑑𝐸
𝑑𝑥

≡

𝑑𝐸

𝑑𝐸

| + | = 𝑆𝑛 + 𝑆𝑒

𝑑𝑥 𝑛 𝑑𝑥 𝑒

where the subscripts 𝑛 and 𝑒 indicate nuclear and electronic energy loss, respectively.
By normalizing the energy loss for the atomic target density N (atoms/cm3 ), the stopping
cross-section 𝜀 can be obtained as the sum of the nuclear 𝜀𝑛 and electronic 𝜀𝑒 contributions as the:

𝜀≡

1 𝑑𝐸
= 𝜀𝑛 + 𝜀𝑒
𝑁 𝑑𝑥

A useful quantity that determines how deep in the substrate an ion with initial energy 𝐸0 can
penetrate before stopping is the range 𝑅 defined as:
0

𝑅≡∫ (
𝐸0

𝑑𝐸 −1
) 𝑑𝐸
𝑑𝑥

or better its projected value, 𝑅𝑃 , on the perpendicular to the sample surface as in Figure 2.16(a).

Figure 2.16: (a) Range R and projected range 𝑅𝑃 along the implantation direction perpendicular to the sample
surface. (b) Concentration profile in ion implantation.
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The statistical distribution of the ions implanted can be described by a peak function called
Bragg curve, which can be roughly approximated by a Gaussian function centered at the average
projected range 𝑅𝑃 (Bragg peak), with a half width ∆𝑅𝑃 called the straggling as illustrated in Figure
2.16(b). By decreasing the implanted ion mass or increasing the implantation energy, the range
and the straggling increase. Stopping and range of ions in materials can be calculated using
Stopping and Range of Ions in Matter (SRIM) calculations, a computer simulation program based
upon a Monte Carlo binary collision approximation code that calculates [97], which had been used
in this thesis.

2.4.2 Channeling

The implant profile may not always be Gaussian in nature due to ion channeling.
Channeling is the phenomena by which the ion trajectory is in line with atomic rows as it shown
in Figure 2.17, and experiences a slower rate of energy loss. This results in a non-Gaussian
distribution of ions and damage in the lattice. Channeling may be reduced or avoided by titling the
substrate or amorphizing the crystal prior to implantation [91,98].

Figure 2.17: Channeling in ion implantation.
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2.4.3 Post implantation annealing

When an ion of certain energy is made incident on the target (substrate), it induces defects
within the host. Sometimes it is necessary to perform annealing after ion implantation, so that it
can repair the damage and drive-in the implanted ions. The types and concentration of defects
depends upon the incident energy and the fluence. The types of defects could be a vacancy that is
created where an energetic incident ion displaces host atom. The vacancy created can then be
substituted by the incident ion and the defect is called substitutional. The incident ion can stop
within a target without occupying a lattice and the defect produced is called interstitial. The target
after the bombardment of incident ion relaxes and tries to minimize its energy. In our case the
target relaxes by getting the stopped incident ions together forming nanoparticles. The diffusion
process that takes place within the target is complex, however, it can be increased by post ion
implantation annealing. Heating the post implantation target increases the rate of the diffusion of
implanted ions. The increase in rate of diffusion during the annealing process increases the
concentration of NPs and/or the initially formed nanoparticles can become bigger. Post annealing
UV-visible spectra guides us to determine the dominant process.

2.5 Rutherford Backscattering Spectrometry
Rutherford backscattering spectrometry (RBS) is one of the powerful analytical
techniques, which was first introduced by Robin et al. in 1957 [71]. It provides a method to obtain
depth profiling of the elements within the near surface region of a material. RBS also allows
quantitative analysis of concentration of elements without the use of standard reference. In addition
to elemental composition, RBS can be used to obtain information of the crystalline quality of single
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crystal samples. This technique, called channeling, can probe the degree of damage in a crystal, or
determine the amount of substitutional or interstitial species in a lattice [91,98].

In RBS, a beam of monoenergetic light ions, usually H or He of typical energy 1 to 4 MeV,
is incident on a solid target and collides with solid atoms of the target and is backscattered into the
detector as illustrated in Figure 2.18. Both the mass and depth resolution are poorer for H ions than
for He ions but H ions are sometimes used in RBS for the analysis of deeper regions. In this section
we present the basic physical concepts behind RBS, as well as an overview of the numerical
simulation of RBS spectra using SIMNRA, a Microsoft Windows program used for simulating the
charged particles energy spectra with MeV energies in ion beam analysis [100].

Figure 2.18: Illustration of RBS.

2.5.1 Kinematics factor of elastic collisions
The Kinematic factor 𝐾 is defined as the ratio of the backscattered particle energy 𝐸 to the
incident energy of the projectile 𝐸0 ,

𝐾≡
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𝐸
𝐸0

Consider incident energetic particle of mass 𝑀1 has an initial velocity 𝑣0 and energy
1

𝐸0 = 2 𝑀1 𝑣02 while the target atom of mass 𝑀2 is initially at rest. After the collision, the velocities
1

and energies for the projectile atom are 𝑣1 and 𝐸1 = 2 𝑀1 𝑣12 respectively at scattering angle θ and
1

for the target atom are 𝑣22 and 𝐸2 = 2 𝑀2 𝑣22 respectively at recoil angle ∅ (Figure 2.19).
If 𝑀2 = ∞, 𝑀1 is scattered back without any loss of energy. If 𝑀2 = 𝑀1 , then 𝑀1 transfers
all its kinetic energy to 𝑀2 and comes to rest while 𝑀2 moves forward with the initial energy of
𝑀1 . For the case 𝑀2 < 𝑀1 , part of the energy of 𝑀1 is transferred to 𝑀2 and both particles move
forward. If 𝑀2 > 𝑀1 , 𝑀1 is scattered back after transferring part of its initial energy to 𝑀2 which
is the situation that prevails in backscattering experiments.

Figure 2.19: Schematic representation of an elastic collision between a projectile of mass 𝑀1 , velocity 𝑣0 , and
energy 𝐸0 and a target of mass 𝑀1 which is initially at rest.

Application of the principle of conservation of energy and momentum parallel and
perpendicular to the initial direction of incidence for the case 𝑀1 < 𝑀2 leads to [91]:
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𝑀1 𝑐𝑜𝑠𝜃 + √𝑀2 2 − 𝑀1 2 𝑠𝑖𝑛2 𝜃
𝐾𝑀2 (𝜃, 𝑀1 , 𝑀2 ) = [
]
𝑀1 + 𝑀2

𝜇 𝑐𝑜𝑠𝜃 + √1 − 𝜇 2 𝑠𝑖𝑛2 𝜃
𝐾𝑀2 (𝜃, 𝑀1 , 𝑀2 ) = [
]
1+𝜇

2

2

𝜇=

𝑀1
<1
𝑀2

It is clear from this equation that the kinematic factor is determined only by the mass ratio 𝜇 and
the scattering angle. A plot of the kinematic factor as a function of the mass ratio 𝜇 is given in
Figure 2.20. By measuring the energy of the backscattered ion at specific backscattering angle, the
target atom mass can be identified.

Figure 2.20: Kinematic factor 𝐾 as a function of the ratio of the target mass to the ion mass

𝑀2
𝑀1

[101].

2.5.2 Depth profiling

The backscattered energy depends on the depth from which the ion was scattered. The
energies of backscattered particles are different since they are backscattered from dissimilar paths
in the target. The reduced scattered energy of the ion below the surface provides information about
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the depth profile of the elements. This leads to the capability of depth profiling of elements in the
target.

Figure 2.21: Interaction of incident particles with the target and backscattered from the surface and the depth 𝐱 of
target.

Consider a projectile with incident energy 𝐸0 as in Figure 2.21. The energy difference
between a particle backscattered from the surface with energy 𝐾𝐸0 and that scattered from a depth
𝑥 with energy 𝐸1 is given by [91]:

∆𝐸 = 𝐾𝐸0 − 𝐸1 = [

where

𝑑𝐸

| and

𝑑𝑥 𝑖𝑛

𝑑𝐸

|

𝑑𝑥 𝑜𝑢𝑡

𝐾 𝑑𝐸
1 𝑑𝐸
| +
| ]𝑥
cos 𝜃1 𝑑𝑥 𝑖𝑛 cos 𝜃2 𝑑𝑥 𝑜𝑢𝑡

are the energy loss per unit length averaged along the inward and outward

path respectively. Or it can be written as ∆𝐸 = [𝑆]𝑥 where [𝑆] is commonly referred to the energy
loss factor and given by:
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[𝑆] =

𝐾 𝑑𝐸
1 𝑑𝐸
| +
|
cos 𝜃1 𝑑𝑥 𝑖𝑛 cos 𝜃2 𝑑𝑥 𝑜𝑢𝑡

Measurement of ∆𝐸 provides the ability of depth resolution.

2.5.3 Rutherford scattering cross-section

Quantitative simulation of spectra in RBS requires the knowledge of the probability of the
incident particles being scattered into a given solid angle 𝛺 where they can be recorded by a
detector which is expressed in term of the differential cross-section (Figure 2.22).

Figure 2.22: Simplified layout of a scattering experiment to demonstrate the concept of differential scattering
cross-section.

The number of the detected particles 𝑄𝐷 is determined by the total number of incident
atoms 𝑄 and the number of target atoms per unit area 𝑁𝑠 and given by:

𝑄𝐷 =

𝑑𝜎(𝜃)
𝑁𝑠
𝛺𝑄
𝑑𝛺
𝑠𝑖𝑛𝜃𝑖

where 𝜃𝑖 is the angle of incidence with respect to the surface and

𝑑𝜎(𝜃)
𝑑𝛺

is the differential scattering

cross-section of a target atom for scattering a projectile at an angle 𝜃. The differential scattering
cross-section is given by:
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2 2

𝑑𝜎(𝜃)
𝑍1 𝑍2 𝑒
4
=(
)
𝑑𝛺
4𝐸0
sin4 𝜃

2

1

[[1 − ((𝑀1 /𝑀2 ) sin 𝜃)2 ]2 + cos 𝜃]
1

[1 − ((𝑀1 /𝑀2 ) sin 𝜃)2 ]2

where 𝑍1 and 𝑍2 are the atomic number of the projectile and target atoms respectively and 𝑒 is the
elecreic charge. A high differential scattering cross-section can be obtained by:

(i)

Using heavy projectile atoms.

(ii)

Using heavy target atoms.

(iii)

Using low incident energy.

(iv)

Reduced the scattering angle.

Since the backscattering cross-section of each element is known, it is possible to obtain a
quantitative analysis of atomic composition.

2.5.4 Computer simulation analysis of RBS spectra

The RBS spectra obtained, after a series of electronic signal processing which is a number
distribution of backscattered ion at different. Since elemental and depth information is convoluted
in RBS spectra, the use of computer simulation is a powerful approach to deconvolute this
information in the analysis of RBS data. SIMNRA, a Microsoft Windows program used for
simulating the charged particles energy spectra with MeV energies in ion beam analysis, is used
to estimate the composition of the target [100]. During SIMNRA, the target is divided into many
thin sub-layers (bricks) and calculate the depth for each layer. The final spectrum is then formed
by summing up all bricks from all depth and over all elements.
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CHAPTER 3
EXPERIMENT AND CHARACTERIZATION
In the previous section, we introduced the field of nanotechnology with emphasis on
nanostructure synthesis by ion implantation technique. We also developed a theoretical framework
which will enable us to understand the plasmonic properties of these nanostructures. In this section,
we discuss in more detail, the experimental procedures employed to synthesize and characterize
the nanostructures.

3.1Stopping and Range of Ions in Matter Calculations
Before the ion implantation of Au in quartz, Stopping and Range of Ions in Matter (SRIM)
calculations were carried to obtain the depth distribution of 70 keV Au ions. A representative
SRIM plot of 70 keV Au ions in quartz is shown in the Figure 3.1. The calculations were performed
with 600,000 ions and the resultant plot gave Bragg-peak, which gives the maximum number of
ions stopping at a certain depth, and the width which is due to energy straggling. The edge of the
peak occurred at 19 nm, while the Bragg peak was at 34 nm (Figure 3.2(a)), which means that
maximum numbers of Au ions are stopping at 34 nm below the surface of quartz. With the increase
of ion energy, energy straggling is increased, therefore, the Bragg peak shifts deeper into the target
increasing the width of the peak as illustrated in Figure 3.2(b). We used low energy of 70 keV Au
ion beam to minimize the energy straggling as well as maintain the desired stopping distance of
incident ions within the target substrate. This distance according to literature is ideal for optimum
LSPR effects [93].
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Figure 3.1: SRIM simulations for 70 keV Au ions in quartz substrate.
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Figure 3.2: SRIM simulations of Au ions in a quartz substrate with (a) 70 keV showing the Bragg peak and peak
edge at 34 nm and 19 nm, respectively, and (b) different ion beam energies which shows the shifts deeper into the
target on Bragg peak with increasing on its width with increasing Au ions energy.
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3.2 Sample Preparation
Sample preparation using ion implantation was major part of the studies carried out for this
dissertation. After successive modification, the experimental setup for the low energy ion
implantation illustrated in Figure 3.3. was adopted for sample preparation. Negative Au ions were
extracted from a SNICs II connected to a WMU’s 6 MV tandem Van De Graff Accelerator.

Figure 3.3: Experimental setup for low energy ion implantation technique.

Gold powder was compacted in a cathode and placed in the SNICS for the Au negative
ions to be bombarded on a quartz substrate. The cathode that used is with (oxygen-freeconductivity copper) 6.3 mm diameter and 4.3 mm deep cavity, drilled into a 20.5 mm and 8.00
mm diameter cylinder. The cathode was placed at -6 kV with respect to the local ground and
cooled. Au beam from SNICS was filtered by a 20o injection magnet. The ion beam was focused
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on the low energy (L.E) faraday cup (FC) with low energy Einzel lens. Between L.E FC and Einzel
lens, slits (5mm by 5mm in size) were placed and biased with +50 V battery to suppress secondary
electrons. The negative gold ion beam was finally focused on the target that is placed on a
LABVIEW controlled precision XY stage. The target sample holder was biased at 50 V as well
also to suppress the secondary electrons. The XY stage consists of horizontal and vertical stepper
motors which scanned the incoming ion beam across the sample and a 3.5 cm2 scan area was
maintained to have uniform implantation over the area of interest. The low energy ion implantation
beamline located at WMU is shown in Figure 3.4.

A digital current integrator was used to measure DC current on the target and the current
was integrated to get the desired charge on the sample holder. The total number of particles
implanted were obtained from the total charge accumulated on the sample holder divided by
electronic charge. We used the 10-8 Coulomb/pulse scale on the integrator to calculate the desired
fluence on the target. A counter was used to record the total number of pulses coming from the
current integrator. To study the effect of fluence (particles/cm2), different concentration of 70 keV
Au ions were implanted within quartz substrate. Fluence was obtained by dividing the total number
of particles implanted with scanned area of the sample holder.

69

Low energy
ion implanter

Figure 3.4: Low energy ion implantation beamline at Western Michigan University.

3.2.1 Annealing of post implanted substrates

A square shaped high purity fused quartz (SiO2) of 1 mm thickness and 10 mm length was
ion implanted with 3.0 x 1016 particles/cm2 fluence using 40 keV Au-1 ions at room temperature.
Low energy was selected so that the implanted atoms stop closer to the surface and also to
minimize energy straggling. Our objective of annealing study was to understand the diffusion of
Au within the substrate and formation of nanoparticles. The expected post implantation substrate
structure is shown in the Figure 3.5. For 40 keV Au-1 ions, the Bragg peak was at 24.5nm
(Figure 3.2). We expect the implanted substrate to have three layers (Figure 3.5). Starting down
from the surface, first layer has Si and O, second layer is a mixture of Au, Si and O and the third
layer is rest of the substrate containing only Si and O. The interface between the first and the
second layer is interface I and between the second and third layer is the interface II.
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Figure 3.5: Illustration of the expected post implantation substrate structure showing first layer has Si and O, second
layer is a mixture of Au, Si and O and the third layer is rest of the substrate containing only Si and O.

After ion implantation, the sample was cut into six equivalent pieces and were annealed
separately at a fix temperature of 800 °C for 2 h, 4 h, 6 h, 8 h, and 10 h in a programmable tube
furnace under normal atmospheric conditions. The annealed samples were analyzed by RBS and
UV-visible measurements.

3.2.2 Metal enhanced photoluminescence substrates

Substrates used were circular shaped high purity fused quartz (SiO2), 1 mm in thickness,
10 mm in diameter were ion implanted using 70 keV Au-1 ions at room temperature. Quartz was
chosen because it is transparent to wavelengths ranging from 190 to 2500 nm, therefore, data
obtained does not require background subtraction. Quartz samples were cleaned thoroughly with
acetone to remove the surface contaminants and air dried before implantation. For our study, seven
samples were implanted with different ion beam fluences, which were used to obtain various
distribution of Au-NPs. The fluences were selected to get necessary nucleation for the growth of
NPs. Fluences less than 1015 particles/cm2 means the atoms remain well separated and do not form
nanoparticles [93-96]. Increased fluence leads to higher filling factors that result in higher
nucleation that increases the size of NPs [92-93] and reduces the inter-nanoparticle distance.
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Bare quartz and ion implanted quartz sample surfaces were cleaned with acetone and air
dried. For MEP study, 40 µL lead halide perovskite nanocomposites including CsPbCl3, CsPbBr3,
CsPbBrI2 and CsPbI3, which obtained from the Department of Chemistry at WMU, were drop
casted on the surface of bare and gold implanted quartz substrates. Then the samples were air dried.

3.3 Characterization Techniques
Many different characterization tools and techniques were used to analyze the structural,
and optical properties of Au nanostructures implanted in quartz.

3.3.1 Rutherford backscattering spectrometry

The experimental setup for RBS is shown in Figure 3.6. RBS was carried out using the
tandem Van De Graaf Accelerator facility at WMU with 2 MeV He++ ions at room temperature.

Figure 3.6: RBS experiment setup including Tandem accelerator and target chamber.
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He++ ions were bombarded on the samples and backscattered helium particles were
collected at 150o scattering angle with incident and exit angles at 0o and 30o respectively as shown
in Figure 3.7.

Figure 3.7: Schematic of RBS experimental setup.

For the RBS the target chamber (Figure 3.8) was maintained at 10-6 Torr using turbo
molecular pumps, with two upstream 2.5 mm circular collimators. The target sample was placed
on a holder and biased at +180 V battery to suppressed secondary electrons. The beam intensity
was adjusted so that the current on the target remains between 10 -15 nA. Low ion beam currents
help to prevent the pile-up effects during the process of detecting backscattered particles. Pile-up
arises when the detector system time response is not fast enough to distinct the individual events
on the detector due to a high rate of encountered events. Consequently, in such situations two
events may end up being recorded as one event, which leads to false measurements.

A digital current integrator is used to record the total accumulated deposited charge on the
target (for the RBS experiment, the scale representing10-10 C/pulse is used). Detector used was an
ORTEC surface barrier silicon detector. The surface barrier silicon detector of energy resolution
of 12 keV operates with a reverse bias of 40 V. The detector gives a reverse current upon the arrival
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of backscattered He from the target. The reverse current is converted into the voltage pulse in the
preamplifier that is in direct proportion to the backscattered energy. A spectroscopy amplifier is
used to further amplify the input voltage pulse from the preamplifier. Finally, signals from the
spectroscopy amplifier are digitized by the A/D convertor and the MCA places the digitized input
at the right spot on the backscattered energy axis. The A/D convertor requires voltage signals of
10 V or less, so the gain of the spectroscopy amplifier was set to keep the voltage signals less than
10 V. The plot produced by the MCA consists of counts vs channel numbers and a calibration
factor was calculated to convert the channels to energy in keV. Backscattered energy of Si and O
with 2.5 MeV He ions at 150o was obtained with known kinematic factors and was plotted with
channels on horizontal axis. Calibration factor was then obtained using the straight line formula
𝑦 = 𝑚𝑥 + 𝑐, where c is the Y intercept (offset in keV) and m is slope of the energy vs channel plot
(keV/channel).

Detector
Sample holder

Figure 3.8: Chamber for RBS experiment.
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The RBS data was simulated and analyzed by using the SIMNRA simulation program. The
composition, concentration, and film thickness are calculated by fitting the experimental data by
means of simple algorithm.

3.3.2 UV-visible absorption spectroscopy

UV-VIS absorption spectroscopy involves the spectroscopy of photons in the UV-VIS
region. Absorption of light is one of the oldest and still one of the more useful instrumental
methods for the characterization of samples [102,103]. It is based on the measurement of how
much incident light is transmitted or absorbed by a material. Radiation absorbed by the sample is
measured by the ratio of transmitted intensity and incident intensity of light. For metal
nanoparticles if the incident light frequency matches the plasmon frequency of the nanoparticles,
it gets absorbed. We used the absorption spectra to detect and obtain LSPR peak and band width
of ion implanted Au-NPs. A diagram of the components of a typical spectrometer is shown in
Figure 3.9.

Figure 3.9: Block diagram of UV-visible absorption spectrophotometer.
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A beam of light from light source is separated into its component wavelengths by a
monochromator (prism or diffraction grating). The monochromatic beam then reaches the sample
and the transmitted light from the sample then reach the detector. The detector such as a
photodiode, photomultiplier tube (PMT), measures the intensity of incoming light and converts
the radiation intensity into electrical current, the higher the current the greater is the intensity,
which can be monitored after converting the electrical signal to digital signal by an Analog to
Digital (A/D) convertor.

The UV-VIS spectrophotometer was obtained at room temperature using a Shimadzu-UV2101PC spectrophotometer with 1.0 nm slit width (spectral band width). The absorbance spectrum
was recorded from 200 nm to 800 nm.

2.3.3 Steady state photoluminescence spectroscopy

Photoluminescence (PL) is the excitation of photons by absorption of light. The PL
emission spectrum is defined as the emission intensity as a function of wavelength emitted for a
constant excitation wavelength. It can be used to provide a qualitative analysis of a sample. The
PL excitation spectrum is the emitted intensity at a fixed wavelength versus the excitation
wavelength. It can be used to find out information about the excitation process that leads to the
photon being emitted. The intensity and spectral properties of an excitation spectrum is dependent
upon the absorption of the incident light and the initial and relaxed excited states that take part in
emission [44,102].

A diagram of the components of a typical spectrometer is shown in

Figure 3.10. Even though the spectrometer consists of two monochromator, excitation and
emission monochromator, one of them can be selected during the measurements.
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Figure 3.10: Schematic of a steady state PL spectrometer.

In steady state measurements, the sample is continuously illuminated with the beam of
light. The emitted PL from the sample pass through the emission monochromator, which has
entrance and exit slits with variable widths to control the amount of light, and reaches to a light
sensitive PMT, creating an electrical signal. PMT is at 90 degree to the incident light to minimize
the reflected light or transmitted incident light. Some stray light, the unwanted wavelength of light
other than chosen one, may be transmitted by the monochromator. Therefore, measurement at 900
the light scattered by the sample causes stray light which produces a better signal to noise ratio.
The electrical signal from the detector then reaches A/D converter which converts this electric
signal into a digital signal. The A/D converter is connected to the computer software for the
controlling the emission-excitation scan and data acquisition.

The steady state PL spectroscopy measurements were collected at room temperature using
an Edinburgh F900 spectrofluorometer. A 450 W Xenon lamp was used as the excitation light
source for collecting the emission and excitation spectra. PL Slit widths were fixed at 5 nm for
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all measurements. All samples were placed on a glass slide with the same position in the sample
compartment for the PL measurements.

3.3.4 Time-resolved photoluminescence spectroscopy

Time-resolved photoluminescence spectroscopy (TRPL) is a spectroscopy in which a
short laser pulse is used for excitation, and a fast detector is used to determine the emission of a
material as a function of time after excitation. Time-Correlated Single Photon Counting (TCSPC)
method has been used for carrying out PL lifetimes [44,104]. A diagram of the components of a
typical TCSPC is illustrate in Figure 3.11.

Figure 3.11: Schematic of TCSPC for lifetime measurements.

In TCSP, a high repetition rate laser with ultrashort pulses are used. into the sample. The
laser pulse is split by a beam splitter into two pulses. One pulse is directed to a sensitive PMT,
creating an electrical pulse. This pulse further goes into a discriminator that converts this pulse
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into a digital ‘start’ signal. Start signal is used to start a device known as a time-to-voltage, or timeto-amplitude converter (TAC). The other pulse is used to excite the sample. The emitted photon
by the sample after excitation reaches a monochromator and then is captured by another sensitive
PMT, creating an electrical pulse and converted into a signal also by the discriminator and directed
to the TAC as a ‘stop’ signal. As a result, TAC ends up holding a voltage, proportional to the delay
between ‘start’ and ‘stop’ photon, or, in other words, the period of time between excitation and
emission. This voltage is stored in a multichannel analyzer (MCA) which is connected to the
computer software for the controlling and data acquisition.

The measurement of this time delay is repeated many times to account for the statistical
nature of the fluorophore’s emission. After repeating experiment multiple times, the detected
events are then sorted into a histogram according to their arrival time as illustrated in Figure 3.12,
which allows reconstruction of the PL decay.

Figure 3.12: Histogram of number of events (counts) versus time [44].
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For obtaining the PL decay dynamics of the samples, the multi-exponential model was used
which assumes that the intensity is decay as the sum of individual single exponential decays as
[44]:
𝑛

𝐹(𝑡) = ∑ 𝛼𝑖 𝑒

−𝑡⁄
𝜏𝑖

𝑖=1

where 𝜏𝑖 are the decay times, 𝛼𝑖 represent the amplitudes of the components at 𝑡 = 0, and 𝑛 is the
number of decay times.

The average lifetime is given by:
∑𝑛𝑖=1 𝛼𝑖 𝜏𝑖
<𝜏 >= 𝑛
∑𝑖=1 𝛼𝑖
where 𝑎𝑖 and 𝜏𝑖 are the weighting factor and the PL lifetimes of the ith component of the target
sample. The least error fit is obtained by reducing chi square values which should be close to unity.

Time-resolved PL spectroscopy measurements were carried out at room temperature using
an Edinburgh F900 spectrofluorometer. For TCSPC, a 370 nm diode laser was used as the
excitation source with a repetition rate of 5.0 MHz. A filter was used to remove any scattered light
that could enter the monochromator from the sample cell.
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CHAPTER 4
RESULTS AND DISCUSSION
In the previous section, we described in detail the procedure and equipment used to
synthesize nanostructures. We then provided background information on the instruments used to
characterize the synthesized substrates. In this section, we present the results and discussion of our
investigations of the plasmonic and optical properties of the implanted samples.

4.1

Post Implantation Annealing Study

4.1.1 Rutherford backscattering spectrometry measurements

Rutherford Backscattering Spectrometry (RBS) measurements were carried out with
2500± 5 keV He++ ions. Backscattered ions were recorded with a surface barrier Si detector at
150o scattering and 30o exit angle. The incident beam current was maintained at 10 nA on the
target samples. A representative RBS experimental plots for as implanted and 800 °C post annealed
samples at different times are presented in Figure 4.1.
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Figure 4.1: Experimental RBS plots for as implanted and 800 °C post annealed samples at different times.

The characteristic peak for He ions back scattered from Au in the second layer is marked
as Au peak and front edge, that represent interface I, and trailing edge, that represent interface II
are marked as well. Substrate Surface is represented by the Si edge. The placement of the peaks
and edges on the energy scale are according to the kinematics of backscattering process explained
earlier.
It is not possible to see the interfaces at the Si substrate edge, therefore, He ions
backscattered from Au atoms for as implanted and 800 °C post annealed samples at different times
is shown in the Figure 4.2(a). Thermal annealing of the implanted samples at 800 °C for different
times does not cause significant changes in the Au peak area, which indicates that implanted gold
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is not lost during the annealing process. Moreover, there is no remarkable difference in the gold
peak position edge for all heated samples. Although it appears the during the 2 h annealing, Au
diffuses towards the surface (interface I), however, careful analysis of the RBS data reveals that
this is not the case. Subsequent heating also didn’t produce any diffusion towards the surface.
Moreover, the peak associated with 6 h heated sample also show an increased diffusion towards
the surface; however, this behavior doesn’t fall within the trend observed for other heated samples.
Looking at the Si edge of all the samples (Figure 4.2(b)), we see that Si edge of as implanted
sample is at lower energy and the for the sample heated for 6 h, it is shifted towards the higher
energy. Since, Si in the substrate should be on the surface, therefore, Si edge shift in as implanted
and 6 h heated sample indicates that either the incident energy of the ion or the calibration factor
changed for these particular RBS measurements. The shift in Si edge also shifted Au peak edge by
the same proportions, therefore, we conclude that not diffusion towards the surface occur during
the annealing process.
Furthermore, we observed a slight diffusion away from the substrate surface of Au through
the interface II. This is shown in the Figure 4.2(c). We believe that the concentration gradient of
Au produces this diffusion and it starts slowly and the annealing time is increased. The diffusion
maximizes at 6 h heating indicated by a bump and subsequent annealing flattens this bump. We
believe that the diffusion through interface II stops after 6 h heating.

83

800

a

700

As-implanted
2 h annealing
4 h annealing
6 h annealing
8 h annealing
10 h annealing

600

Counts

500
400
300
200
100
0
440

445

450

455

460

465

470

475

Channel

100

300

Si edge

Counts

200

80

60

Counts

b

250

c

As-implanted
2 h annealing
4 h annealing
6 h annealing
8 h annealing
10 h annealing

150

As-implanted
2 h annealing
4 h annealing
6 h annealing
8 h annealing
10 h annealing
interface II

40

100
20

50

0

0

250

260

270

280

290

300

310

435

320

440

445

450

455

Channel

Channel

Figure 4.2: (a) Overlapped peaks of He ions backscattered from Au atoms, (b) Si edge, and (c) Interface II for as
implanted and 800 °C post annealed samples at different times.

4.1.2 UV-visible absorption spectroscopy measurements

In order to study the effect of annealing on the size and concentration of Au-NPs, UV-VIS
absorption spectroscopy was carried out. Absorption spectra of as-implanted and post annealed
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samples as a function of annealing time are shown in Figure 4.3. LSPR peak is clearly visible for
as implanted and post annealed samples indicating the presences of Au-NPs. The intensity of LSPR
peak increases with the increase in annealing time. Abrupt increase in the LSPR intensity of
annealed samples is observed as compared to as implanted substrate, however, for the sample with
10 h annealing time, substantial decrease in the intensity as compare to the other annealed samples
is observed.
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Figure 4.3: Absorption spectra for as implanted and 800 °C post annealed samples at different times. Absorption
intensity increases as substrate annealing time is increased.

To qualitatively analyze the data, areas of individual peaks were obtained by drawing
straight line as background, selecting the same horizontal range (431 nm - 971 nm) for all the
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samples, as shown in the Figure 4.4. The areas where then plotted with the annealing time and is
shown in the inset of Figure 4.4. The area of the LSPR peak increased exponentially after first
annealing and subsequent annealing increased the area further except for the 10 h annealing time.
The increase in the area indicates the increase in the concentration of Au-NPs.
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Figure 4.4: The areas of individual peaks for as implanted and 800 °C post annealed samples at different times,
and the inset shows the area of the LSPR peak increased exponentially after first annealing and subsequent
annealing increased the area further except for the 10 h annealing time.

To investigate the effect of annealing on the size of NPs, UV-VIS spectra of as implanted
and post annealed samples were normalized and plotted together (Figure 4.5). The LSPR
wavelength peak red-shifted (~12 nm) after 2 h of annealing and subsequent annealing did not
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produce more red-shift. This indicates that the size of Au-NPs increased after 2 h annealing and
subsequent annealing did not contribute to the size increase further. Moreover, there is a substantial
decrease in the LSPR peak width after first annealing and subsequent annealing produced slight
decrease in the peak width as well. This indicates that with the annealing the size distribution of
the Au-NPs decreases.
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Figure 4.5: Normalized absorbance spectra for as implanted and 800 °C post annealed samples at different times
showing a small red-shift of the LSPR peak for all annealed samples.

The LSPR peak intensity decreases for the sample annealed for 10 h. The reason for this
phenomenon could be due to the critical aggregation [105-107] of Au-NPs in this duration. As the
Au-NPs aggregate, the particles will destabilize due to the lack of stability, which in turn results
in a decrease in intensity of LSPR peak [105,108]. With the increase in annealing time, nanoscale
properties of Au-NPs is lost and UV absorption is suppressed significantly which also evident
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from RBS measurements. Increased inward diffusion of Au with annealing is observed in RBS
spectra, which indicates that there is a tendency for NPs to breakup into individual atoms and
diffuse, if the implanted substrate is heated for a long time.

4.2 Metal Enhanced Photoluminescence Study
4.2.1 Characterization of gold ions implanted in quartz for MEP studies

4.2.1.1 Rutherford backscattering spectrometry measurements

Rutherford Backscattering Spectrometry (RBS) measurements were carried out with
2000± 5 keV He++ ions. Backscattered ions were recorded with a surface barrier Si detector at
150o scattering and 30o exit angle. The incident beam current was maintained at 10 nA on the
target samples. The collected experimental RBS data was simulated with SIMNRA.

A representative RBS experimental and simulated plots of 70 keV Au-ions implanted
substrates are presented in Figure 4.6. The x-axis of the plot represents the energy of the
backscattered particles from the target atoms, and the y-axis are the backscattered events/counts.
The plots show a well-defined peak at high energies, at around 1830 keV, caused by Au, and onsets
of scattering at lower energies due to the chemical composition of quartz substrate, at 1457 keV
and 960 keV for silicon and oxygen edge.
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Figure 4.6: Experimental and simulated RBS plots for the Au-implanted quartz substrate at different ion beam fluences.

Figure 4.7 shows the overlapped Au backscattered peaks for different fluence. Increase in
gold peak intensities in the spectra is indicative of the expected increase in concentration of gold
below the surface with the increase of fluence. Moreover, leading edge comes towards the surface
which could indicate an increase in the size distribution of Au-NPs or the increase in concentration
of Au-NPs of nearly same sizes.
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Figure 4.7: Overlapped experimental RBS spectra for backscattered He ions showing Au peak intensity
increasing with the increasing in Au fluence.

The 1st layer in the SIMNRA simulation had the elemental concentration matching to the
chemical composition of quartz substrate (SiO2). There is no gold, which means that Au is not on
the surface of the quartz. The 2nd layer was simulated with the mixture of Au, Si and O. The layer
elements in the simulation must add up to 1, which mean 100 %. It was interesting to note that the
stoichiometric composition of SiO2 remains the same in the 2nd layer (Table 4.1). We noticed that
the interface region between the layers had negligible intermixing therefore, it was not simulated.
A depth scale of 1015 atoms/cm2 is characteristic for RBS analysis, which describes the
number of target atoms visible to the incident ion beam, giving the areal density for each layer. If
the actual density is known, this scale can be readily converted into the actual thickness. Since,
thin layer densities are not the same as bulk, therefore, we expect the error in the thicknesses
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calculated could be on the order of 10%. Second layer had SiO2 and Au, therefore, in proportion
to the percentage of the contents of the two, effective density was calculated to obtain the thickness.
The formulas that we used to calculate the thicknesses are given below and are tabulated in the
Table 4.1.

Table 4.1: The implanted fluence, the fluence from the RBS simulation, elemental composition,
the areal density and the thickness of the 1st and 2nd layer for all implanted samples.
Fluence
(1016 p/cm2)

Impanated

Layer 1

RBS
Si

Layer 2

Composition

A

Thickness

Composition

A

Thickness

(%)

(1015 atoms/cm2)

(nm)

(%)

(1015 atoms/cm2)

(nm)

O

Au

Si

O

Au

2

2.02 0.340 0.660

0

75

9.44±0.94 0.297 0.594 0.109

123

18.0±1.80

3

2.77 0.340 0.660

0

67

8.43±0.84 0.297 0.594 0.109

194

28.4±2.8

4

4.26 0.340 0.660

0

50

6.29±0.63 0.289 0.578 0.133

313

46.5±4.6

5

4.58 0.340 0.660

0

78

9.81±0.98 0.289 0.578 0.133

295

43.8±4.4

6

4.59 0.340 0.660

0

40

5.03±0.50 0.286 0.572 0.142

306

45.7±4.5

7

4.75 0.340 0.660

0

29

3.65±0.36 0.277 0.554 0.169

267

40.5±4.0

8

4.54 0.340 0.660

0

15

1.89±0.19 0.252 0.504 0.244

150

23.4±2.3

The thickness of the 1st and 2nd layer was calculated using the following formulas,
respectively:
1st layer thickness =

[(Csi )(Msi )+(Co )(Mo )]×A1

2nd layer thickness =

NA ×𝜌𝑆𝑖𝑂2

[(CAu )(MAu )+(Csi )(Msi )+(Co )(Mo )]×A2
NA ×𝜌𝑒𝑓𝑓
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where Msi = 28.0 amu, Mo = 16.0 amu and MAu = 197 amu are the molar mass of silicon,
oxygen and gold, Csi , Co and CAu are the concentrations of silicon, oxygen and gold in the quartz
matrix, respectively, NA is Avogadro’s number in the SI unit of atoms/mole, 𝜌𝑆𝑖𝑂2 is the bulk
density of the quartz substrate (2.65 g/cm3), and A1 and A2 are the areal density in unit of
(atoms/cm2) for the 1st and 2nd layer respectively. 𝜌𝑒𝑓𝑓 is the effective density for the 2nd layer and
calculated by:
𝜌𝑒𝑓𝑓 = (CAu ∗ 𝜌𝐴𝑢 ) + (1 − CAu ) ∗ 𝜌𝑆𝑖𝑂2
where 𝜌𝐴𝑢 is the bulk density of gold (19.31 g/cm3).
For the sample implanted with 2.0 x 1016 particles/cm2, thickness was estimated to be
9.44 nm. This suggests that the layer containing gold starts at 9.44 nm below the surface. It is
noticed that as the implanted fluence is increased, the thickness of the 1st layer decreases and for
the 2nd layer thickness increases (Table 4.1). This suggests that with increased fluence the
nucleation of nanoparticles bring them closer to the surface [93-96]. This effect can also be seen
in steady state measurements where quenching is observed leading to charge transfer between the
nanoparticle and fluorophore, discussed later in this chapter.

At low fluence, the implanted fluence is matching with the fluence obtained from RBS
simulation. Ions after stopping in the substrate are dispersed throughout the stopping layer and are
well separated from each other. However, increasing in the fluence leads to atoms being closer to
each other, more filling factor, resulting in a higher nucleation rate and growth of Au-NPs as
illustrated in Figure 4.8 [92-96]. Furthermore, Au atoms diffuse out towards the host surface with
increase in ion fluence [93-94] which is also evident for the Figure 4.7 where it can be clearly seen
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that leading edge is moving towards higher energy. We found the concentration of Au within the
implanted quartz to be saturating at around 5.0 x 1016 particles/cm2 which suggests that the
maximum filling factor is achieved at this value.

Figure 4.8: The formation of nanoparticles in ion implantation method vs. the ion fluence.

The RBS results were in disagreement with SRIM calculations for the layer thicknesses
and the Bragg peak. According to SRIM calculations, the edge of the peak occurred at 19 nm,
while the Bragg peak was at 34 nm and for sample implanted with 2.0 x 1016 particles/cm2, the
edge and Bragg peak occurs at 9.44 nm and 18.4 nm respectively. We believe that the disagreement
is partly because of the nucleation of Au into nanoparticles within the quartz substrates.
Furthermore, SRIM calculation assumes binary collision approximation, however, in reality we
could have collision cascade in the implantation process. Moreover, the implantation was carried
out at room temperature and where diffusion of implanted element is possible, whereas, SRIM
assumes the temperature to be at 0K (meaning no diffusion). Another possible source of error in
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the simulated distributions is associated with the stopping power estimates employed in SIMNRA
simulations. Our results are in agreement with referenced literature which reported that the
interaction of incident ions with already formed metal nanoclusters effectively reduce the projected
range of metal ions. As a result of variation in host constituents, the reduction in projectile range
arises with increasing ion fluence [109].

4.2.1.2 UV-visible absorption spectroscopy measurements

The optical absorption spectra of 70 keV Au implanted quartz substrates as a function of
Au beam fluence are represented in Figure 4.9 clearly showing the LSPR that is characteristics of
Au-NPs. An increase in the optical intensity of the LSPR peak is observed with increased fluence
of the gold within the substrate. This is due to the increased fluence that creates higher density of
the Au atoms in the implanted layer, thereby increasing the number of gold nanoparticles [93].
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Figure 4.9: Absorption spectra of Au implanted NPs within quartz substrate for different Au fluences. Absorption
intensity increases as Au ion fluence increases.
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Figure 4.10: Normalized absorbance spectra of Au implanted NPs within quartz substrate for different Au
fluences showing red-shift of the LSPR peak with increasing Au ion fluence.

An increase in Au beam fluence displays broadening as well as red-shift of LSPR peak, as
shown in Figure 4.10, that can be ascribed to:

i. The extrinsic size effect which appears when MNP size increases with respect to the
resonant electromagnetic wavelength (discussed earlier in chapter 1). The increase in the size of
nanoparticles can be ascribed to the enhanced diffusion due to concentration gradients of gold
atoms. Diffusion within the matrix could be associated with the localized beam heating during the
ion implantation process [93,109]. The restoring force acting on the oscillating electrons of each
NP is inversely proportional to the charge separation distance, which decreases with the increase
of the size of NP [25-34]. Therefore, less energy is needed to excite the NP, hence we get red-shift.
ii. Forming bonding plasmon (hot spot) coupling mode when incident electric field
polarization is parallel to the dimer axis (discussed earlier in chapter 1). The restoring force acting
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on the oscillating electrons of each NP in the chain is further decreased in bonding plasmon mode
by the charge distribution of neighboring particles (Figure 1.16). As a result, less energy is required
to excite the electrons and hence the resonance occurs at lower frequency, which red-shifts LSPR
frequency. The shift increases monotonically with the decreasing in the inter-particle gap. The
decrease in the gap could be due to the size increase or the increased concentration of
Au-NPs [12,43].

4.2.2 Interaction of lead halide perovskite with embedded gold nanoparticles

After synthesizing the Au-NPs of desired fluence we proceeded to study the effect of these
nanoparticles on the PL of different perovskites as fluorophores. The unique physical properties
of perovskite materials such as high-absorption coefficient, long-range charge transport, low
exciton-binding energy, high dielectric constant, ferroelectric properties, etc. have gained a huge
interest in these materials for optoelectronic and photovoltaic applications [110-112]. Cesium lead
halide perovskite with the general chemical formula CsPbX₃, where X is a halide ion (either Cl-,
Br- or I-), is one of the most important perovskites. In our study we used CsPbX (X = Cl3, Br3,
Br2I and I3). Normalized PL emission peak for the perovskite that we used varies from 400 to 685
nm as shown in Figure 4.11 with different QY. These perovskites were chosen to have the range
of emission and absorption wavelengths less than LSPR, on LSPR (~ 530 nm for Au-NPs), and
larger than LSPR for Au-NPs.
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Figure 4.11: Normalized PL spectra of different perovskites with their quantum yield.

4.2.2.1 UV-visible absorption spectroscopy measurements
The optical absorption spectra of 4.0 x 1016 Au-NPs/cm2 and CsPbX (X=Cl3, Br3, Br2I) in
the presence of 4.0 x 1016 Au-NPs/cm2 within quartz substrate are depicted in Figure 4.12. A clear
absorption peak was observed at 395 nm, 492nm, and 517 nm on Au implanted substrates
corresponding to CsPbX with X=Cl3, Br3, and Br2I respectively.
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Figure 4.12: Optical absorption spectra of CsPbX3/Au-NPs and Au-NPs with fluence 4.0 x 1016 particles/cm2
within quartz substrate for X (a) Cl3, (b) Br3, and (c) Br2I.

To obtain the absorption of the CsPbX, absorption of CsPbX /Au-NPs was subtracted from
the absorption of Au-NPs and is presented in Figure. 4.13. The absorption of CsPbX (X=Cl3, Br3,
Br2I) appears to be unaffected with embedded Au-NPs as the subtraction for the sets of data gave
reproducible results. This indicates that there is no direct ground state interaction (chemical
interaction) between CsPbX and Au-NPs. This is one of the advantages of ion implantation
method, where, the NPs are formed without the passivating layer having no chemical interaction
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with fluorophore and therefore implanted substrates could be an ideal candidate for biosensor
application.
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Figure 4.13: absorption spectra for CsPbX and Au-NPs absorption subtracted from CsPbX /Au-NPs absorption
within quartz substrate for X (a) Cl3, (b) Br3, and (c) Br2I.

4.2.2.2 Steady state and time-resolved photoluminescence spectroscopy measurements

The PL spectra for CsPbCl3 and CsPbCl3/Au-NPs samples as a function of Au beam
fluence after excitation at 350 nm are represented in Figure 4.14. It is clear that CsPbCl3 emission
is at ~ 400 nm for all samples with and without Au-NPs. Moreover, CsPbCl3 drops casted on the
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Au-NPs implanted samples experiences a large enhancement in the emission compared with the
one that doesn’t have Au-NPs. In addition, the corresponding PL enhancement factor (EF) was
EF =

calculated using:

I
I0

where I and I0 are the PL intensity of the perovskite with and without Au-NPs, respectively. The
EF increases monotonically with the increasing Au-NPs fluence (inset Figure 4.14).
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Figure 4.14: PL spectra after excitation at 350 nm, and the inset shows the enhancement factor for CsPbCl3 on
bare quartz and in the presence of Au-NPs at different gold fluences.

To confirm the character of the enhancement process, the time-resolved PL decay analyses
were performed on CsPbCl3 and CsPbCl3/Au-NPs samples. The samples were excited at 370 nm
and the PL decay was monitored at 490 nm. Figure 4.15 depicts a reprehensive set of the decay
profiles of CsPbCl3 on bare quartz and in the presence of varying fluence of Au-NPs within quartz
substrate.
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Figure 4.15: Time-resolved PL decays for CsPbCl3 on bare quartz and in the presence of Au-NPs at different gold
fluences.

Furthermore, PL of CsPbCl3 displays a triple-exponential decay giving an average of ~ 2.6
ns as shown in Figure 4.16. The fitting was carried out for all the samples by first taking the log
of the lifetime and then fitting with a triple-exponential decay as following [44]:
3

𝐹(𝑡) = ∑ 𝛼𝑖 𝑒

−𝑡⁄
𝜏𝑖

𝑖=1

where 𝜏𝑖 are the decay times, and 𝛼𝑖 represent the amplitudes of the components at 𝑡 = 0. The
average lifetime is given by:

<𝜏 >=

∑3𝑖=1 𝛼𝑖 𝜏𝑖
∑3𝑖=1 𝛼𝑖
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where 𝑎𝑖 and 𝜏𝑖 are the weighting factor and the PL lifetimes of the ith component of the sample.
The least error fit is obtained by reducing chi square values which should be close to unity.
The decreasing in the lifetimes is observed with the increasing fluence except for 3.0 x 1016
particles/cm2 substrate (Figure 4.16).
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Figure 4.16: Time-resolved PL intensity decay with triple-exponential decay fitting for CsPbCl3 on bare quartz.
The inset shows the average lifetime of CsPbCl3 on bare quartz and in the presence of Au-NPs at different gold
fluences.

The PL spectra for CsPbBr3 on bare and CsPbBr3 drops casted on the Au-NPs implanted
quartz with different Au fluence after excitation at 420 nm are shown in Figure 4.17(a). CsPbBr3
emission is at ~ 525 nm for all samples with and without Au-NPs. Furthermore, CsPbBr3 on
substrates implanted with 2.0 x 1016 – 5.0 x 1016 Au-atoms/cm2 experience a large enhancement
in the emission compared to CsPbBr3. For the samples implanted with fluence greater than
5.0 x 1016 particles/cm2, the enhancement decreases and finally quenching is observed for the
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quartz implanted with 8.0 x 1016 particles/cm2. The EF increases with increase Au fluence in the
range 2.0 x 1016 – 5.0 x 1016 particles/cm2 (Figure 4.17(b)).

Figure 4.17(c) illustrates a reprehensive set of the time decay profiles of CsPbBr3 and
CsPbBr3/Au-NPs samples as a function of Au-NPs fluence on quartz substrate. The samples were
excited at 370 nm and the PL decay was monitored at 570 nm. We observe no change in the PL
lifetime decay within the margin of error. Furthermore, PL of CsPbBr3 displays a triple-exponential
decay giving an average of ~ 2.8 ns (Figure 4.17(d)).
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Figure 4.17: (a) PL spectra after excitation at 420 nm, (b) the enhancement factor, (c) time-resolved PL decays,
and (d) the average lifetime of CsPbBr3 on bare quartz and in the presence of Au-NPs at different gold fluences.
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The PL spectra for CsPbB2I on bare and Au-NPs implanted quartz as a function of Au
fluence after excitation at 360 nm are shown in Figure 4.18(a). CsPbB2I emission is at ~ 555 nm
for all samples with and without Au-NPs. Moreover, CsPbB2I drops casted on the Au-NPs
implanted samples experience a large enhancement in the emission in the low fluence of Au
(2.0 x 1016 particles/cm2 – 5.0 x 1016 particles/cm2) and quenching is observed in the high fluence
samples (6.0 x 1016 particles/cm2 – 7.0 x 1016 particles/cm2) compared with the one that doesn’t
have Au-NPs. The EF increases with increase Au fluence at the above low fluence range then
decreases at the above high fluence (Figure 4.18(b)).

Figure 4.18(c) represents a reprehensive set of the decay profiles of CsPbBr2I on bare
quartz and in the presence of varying fluence of Au-NPs on quartz substrate. The samples were
excited at 370 nm and the PL decay was monitored at 525 nm. PL of CsPbBr2I displays a tripleexponential decay giving an average of ~ 10 nm. Upon drop casted CsPbBr2I on Au implanted on
quartz substrate with fluence 2.0 x 1016 particles/cm2, the PL lifetime decreases ~ 9 ns, then it is
~ 7.5 ns for the rest of the samples (Figure 4.18(d)).
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Figure 4.18: (a) PL spectra after excitation at 360 nm, (b) the enhancement factor, (c) time-resolved PL decays,
and (d) the average lifetime of CsPbBr2I on bare quartz and in the presence of Au-NPs at different gold fluences.
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The PL spectra for CsPbI3 and CsPbI3/Au-NPs samples as a function of Au fluence after
excitation at 620 nm and 530 nm are depicted in Figure 4.19(a) and (c), respectively. It is clear
that CsPbI3 emission is at ~ 678 nm for all samples with and without Au-NPs. Furthermore, CsPbI3
drops casted on the Au-NPs implanted samples experience a large enhancement in the emission
compared with the one that doesn’t have Au-NPs. The EF increases with increase Au fluence in
both excitation (Figure 4.19(b) and (d)). The 620 nm excitation leads to the greater increase in the
PL intensity of CsPbI3 than the 530 nm excitations. This could the proximity of LSPR of high
fluence implanted sample and excitation wavelength of CsPbI3.

Figure 4.19(e) represents a reprehensive set of the decay profiles of CsPbI3 and CsPbI3/AuNPs samples with varying fluence of Au-NPs. The samples were excited at 370 nm and the PL
decay was monitored at 525 nm. Furthermore, PL of CsPbI3 displays a triple-exponential decay
giving an average of ~ 2.66 ns. Upon drop casted CsPbI3 on Au implanted on quartz substrate
samples, no change on the PL lifetime of CsPbI3 is observed (Figure 4.19(f)).
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Figure 4.19: (a) PL spectra after excitation at 620 nm, (b) the enhancement factor, (c) PL spectra after excitation
at 530 nm, (d) the enhancement factor, (e) time-resolved PL decays, and (f) the average lifetime of CsPbI3 on bare
quartz and in the presence of Au-NPs at different gold fluences.
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The emission intensity variation is usually realized in two ways: excitation enhancement
and emission modification (radiative and/or non-radiative decay modification) [8,17,47,49]. The
excitation enhancement processes can be attributed to the near field enhancement induced by the
LSPR of Au-NPs and formation of hot spots leading to a high excitation rate of fluorophore without
affecting on the PL lifetime as illustrated in Figure 4.20. The induced local electrical field can be
enhanced by a factor of x100 compared to the surrounding electric field [7]. This enhancement
factor increases monotonically as the distance between the two particles is reduced by increasing
the size of MNPs. In the case of emission enhancement, where radiative decay rate is signiﬁcant
over the non-radiative decay rates, reduced PL lifetime shows up with an increased quantum yield
[17,46,47]. Since so many processes a competing, it is difficult to obtain a pure excitation or
emission enhancement or differentiate between the two. The PL emission intensity is jointly
affected by both the excitation and emission enhancement.

Hot spot

Figure 4.20: Illustration of energy transfer process from Au-NPs to fluorophore.
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Emission quenching processes are dominant when the non-radiative energy transfer rate
dominates the radiative decay rate with the reducing in the lifetime and quantum yield as illustrated
in Figure 4.21, or there is charge transfer between the fluorophore and NPs (DET process
dominates) when MNPs are too close to the fluorophore (Figure 4.22) [13-15,46,54,58,61,62].

Figure 4.21: Illustration of energy transfer process from fluorophore to Au-NPs.

Figure 4.22: Illustration of charge transfer process from fluorophore to Au-NPs.
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In the case of CsPbCl3 we observe that PL lifetime goes down as with the increased
fluence, which indicates the excitation and decay rates are modified that gives PL enhancement.
In the case of CsPbBr3 with Au fluence 2.0 x 1016 – 5.0 x 1016 particles/cm2 and CsPbI3,
the enhancement that occurs can be attributed to the near field enhancement induced by the LSPR
of Au-NPs and formation of hot spots leading to a high excitation rate of fluorophore without
affecting on the PL lifetime.

On the other hand, the subsequent decrease in the CsPbBr3 enhancement in Au fluence
6.0 x 1016 particles/cm2 and 7.0 x 1016 particles/cm2 could be attributed to two competing
processes, excitation enhancement and charge transfer. As mentioned with the increase of
implanted fluence, the formed Au-NPs are observed to be approaching the surface of quartz,
therefore, chances of have a charge transfer between Au-NPs and fluorophore increases. In case
of on CsPbBr3 on 8 x 1016 Au-atoms/cm2 quenching is observed with means that charge transfer
process has dominated due to the fact that NPs are very close to the surface.
In the case of CsPbBr2I, the enhancement that occurs in the fluence rang 2.0 x 1016 – 5.0 x 1016
particles/cm2 can be attributed to the following effects:
i.

The near field enhancement induced by the LSPR of Au-NPs and hot spots leading to a high
excitation rate of fluorophore without affecting on the PL lifetime of CsPbBr2I.

ii.

An increase in the radiative decay rate of the CsPbBr2I in the presence of Au-NPs, reflected in
decreasing in the PL lifetime of CsPbBr2I.

iii.

The enhancement is maximum when LSPR overlaps the excitation frequency of the CsPbBr2I

as shown in Figure 4.23.
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Figure 4.23: Spectral overlapping between Au-NPs absorption and CsPbBr2I excitation.

Furthermore, the quenching that observed at the fluence 6.0 x 1016 – 8.0 x 1016 atoms/cm2
can be attributed to the following effects:
i.

An increase in the non-radiative decay rate of the CsPbBr2I in the presence of Au-NPs, reflected
in decreasing in the PL lifetime of CsPbBr2I.

ii.

Au-NPs are very close to the surface and therefore, charge transfer could be one of the
possibilities.

iii.

The overlap between Au-NPs plasmon and CsPbBr2I emission as it illustrated in Figure 4.24,

which allows energy transfer from CsPbBr2I to Au-NPs.
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Figure 4.24: Spectral overlapping between Au-NPs absorption and CsPbBr2I emission.
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CHAPTER 5
CONCLUSION
In this dissertation, results and discussion of the synthesis of Au-NPs within the quartz
substrates via ion implantation have been discussed. Optimization of ion implantation process to
synthesize Au-NPs within the quartz substrate required successive modifications to the
implantation setup and finally we were able to perfect the process to get uniform implantation
within the substrate. The implanted substrates from the optimized ion implantation process were
then used for annealing study and steady state and PL lifetime measurements.
Before the ion implantation of Au in quartz, SRIM calculations were carried to obtain the
depth distribution of 40 keV and 70 keV Au ions. The calculations were performed with 600,000
ions and the resultant plot gave Bragg-peak at 24.5 nm and 34 nm, respectively, which means that
maximum numbers of Au ions are stopping at 24.5 nm and 34 nm respectively below the surface
of quartz.
Negative Au ions were extracted from a SNICs II connected to a WMU’s 6 MV tandem
Van De Graff Accelerator. For annealing study, a square shaped high purity fused quartz (SiO2)
of 1 mm thickness and 10 mm length was ion implanted with 40 keV Au-1 ions at room
temperature. Low energy was chosen so that the implanted atoms stop closer to the surface and
also to minimize energy straggling. Our objective of annealing study was to understand the
diffusion of Au within the substrate and formation of nanoparticles. After ion implantation, the
sample was cut into six equivalent pieces and were annealed separately at a fix temperature of 800
°C for 2 h, 4 h, 6 h, 8 h, and 10 h in a programmable tube furnace under normal atmospheric
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conditions. Heating the post implantation target increases the rate of the diffusion of implanted
ions. The increase in rate of diffusion during the annealing process increases the concentration of
NPs and/or the initially formed nanoparticles can become bigger. Post annealing UV-VIS spectra
guides us to determine the dominant process.

Rutherford Backscattering Spectrometry (RBS) measurements were carried out with
2500± 5 keV He++ ions. Backscattered ions were recorded with a surface barrier Si detector at
150o scattering and 30o exit angle. Our conclusions in the nutshell is that after the detailed analysis
of RBS spectra of as implanted and post annealed samples indicates that Au concentration within
the substrate doesn’t change with annealing. However, slight diﬀusion at through the interface
between the second and third layer in quartz substrate occur with annealing.

In order to study the effect of annealing on the size and concentration of Au-NPs, UV-VIS
absorption spectroscopy was carried out. LSPR peak was clearly visible for as implanted and post
annealed samples indicating the presences of Au-NPs. The intensity of LSPR peak increased with
the increase in annealing time. Abrupt increase in the LSPR intensity of annealed samples was
observed as compared to as implanted substrate, however, for the sample with 10 h annealing time,
substantial decrease in the intensity as compare to the other annealed samples was observed.

The LSPR wavelength peak red-shifted (~12 nm) after 2 h of annealing and subsequent
annealing did not produce more red-shift. This indicates that the size of Au-NPs increased after
2 h annealing and subsequent annealing did not contribute to the size increase further. Moreover,
there is a substantial decrease in the LSPR peak width after first annealing and subsequent
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annealing produced slight decrease in the peak width as well. This indicates that with the annealing
the size distribution of the Au-NPs decreases.

The LSPR peak intensity decreases for the sample annealed for 10 h. The reason for this
phenomenon could be due to the critical aggregation of Au-NPs in this duration. With the increase
in annealing time, nanoscale properties of Au-NPs is lost and UV absorption is suppressed
significantly which also evident from RBS measurements.

For Metal Enhanced Photoluminescence (MEP) study, gold nanoparticles with seven
different fluences ranging from 2.0 x 1016 to 5.0 x 1016 Au-atoms/cm2 were implanted within quartz
substrate using low energy (70 keV) at room temperature. We used low energy of 70 keV Au ion
beam to minimize the energy straggling as well as maintain the desired stopping distance of
incident ions within the target substrate for optimum LSPR effects. Fluence in particles/cm 2 was
obtained by dividing the accumulated charge with the electronic charge and scanned area of the
sample holder. Substrates used were high purity circular fused quartz (SiO2), 1 mm in thickness,
and 10 mm is diameter. Quartz was chosen because it is transparent to wavelengths ranging from
190 to 2500 nm, therefore, no background subtraction required for data analysis.
Rutherford backscattering spectrometry was carried out with 2.0 MeV He++ ions to obtain
the actual fluence and the implanted Au depth below the surface of quartz substrate. Backscattered
ions were recorded with a surface barrier Si detector at 150o scattering and 30o exit angle. Low
incident beam current was maintained at 10 nA on the target, to avoid pulse pile up and keeping
the dead-time a lowest level. The collected experimental RBS data was simulated with SIMNRA
[100]. The RBS plots showed a well-defined peak at energies around 1830 keV for Au, and 1457
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keV and 960 keV for silicon and oxygen edge respectively. The 1st layer in the simulation had the
elemental concentration matching to the chemical composition of quartz substrate (SiO2). There is
no gold, which means that Au is not on the surface of the quartz. The 2nd layer was simulated with
the mixture of Au, Si and O. The stoichiometric composition of SiO2 remains the same in the 2nd
layer as well.
A depth scale of 1015 atoms/cm2 is characteristic for RBS analysis, which describes the
number of target atoms visible to the incident ion beam, giving the areal density for each layer.
For the sample implanted with 2.0 x 1016 particles/cm2, thickness was estimated to be 9.44 nm
which means the layer containing gold starts at 9.44 nm below the surface. As the implanted
fluence is increased, the thickness of the 1st layer decreased and for the 2nd layer thickness
increased. The nucleation of nanoparticles brings Au closer to the substrate surface.

At low fluence, the implanted fluence is matching with the fluence obtained from RBS
simulation. Ions after stopping in the substrate are dispersed throughout the stopping layer and are
well separated from each other. However, increasing in the fluence leads to atoms being closer to
each other, more filling factor, resulting in a higher nucleation rate and growth of Au-NPs.
Furthermore, Au atoms diffuse out towards the host surface with increase in ion fluence. We found
the concentration of Au within the implanted quartz to be saturating at around 5.0 x 1016
particles/cm2 which suggests that the maximum filling factor is achieved at this value.

The formation of Au-NPs within quartz substrate were confirmed by UV-VIS absorption
spectroscopy. The results show a well-defined peak corresponding to LSPR for Au-NPs. An
increase in the optical intensity of the LSPR peak is observed with increased fluence of the gold
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within the substrate due to the increased density of the Au atoms in the implanted layer, thereby
increasing the number of Au-NPs. An increase in Au beam fluence displayed broadening, as well
as red-shift, of LSPR peak due to the increase in Au-NPs size and/or creation of hot spots. The
increase in the size of NPs can be ascribed to the enhanced diffusion of gold atoms associated with
the localized beam heating during the ion implantation process. The restoring force acting on the
oscillating electrons of each NP is inversely proportional to the charge separation distance, which
decreases with the increase of the size of NP. Therefore, less energy is needed to excite the NP,
hence we get red-shift. The restoring force acting on the oscillating electrons of each NP in the
chain is further decreased in hot spot by the charge distribution of neighboring particles. As a
result, less energy is required to excite the electrons and hence the resonance occurs at lower
frequency resulting is redshit. The shift increases monotonically with the decreasing in the interparticle gap. The decrease in the gap could be due to the size increase or the increased
concentration of Au-NPs.

After the substrate preparation, subsequent steady state and PL lifetime measurements of
lead halide perovskite nanocomposites CsPbX (X = Cl3, Br3, Br2I and I3) on the implanted
substrates are discussed in this section. 40 µL of CsPbX, prepared in the Department of Chemistry
at WMU, were drop casted on the surface of bare and gold implanted quartz substrates. Then the
samples were air dried. UV-VIS absorption spectroscopy, steady state and time-resolved PL
measurements were used to investigate the interaction between perovskite and embedded Au-NPs
within quartz substrates in different fluence. PL emission peak for the perovskite that we used
varies from 400 to 685 nm with different quantum yield. These perovskites were chosen to have
the range of emission and absorption wavelengths less than LSPR, on LSPR (~ 530 nm for Au-
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NPs), and larger than LSPR of Au-NPs. The absorption of CsPbX appears to be unaffected with
embedded Au-NPs therefore, no direct ground state interaction between Au-NPs and CsPbX was
observed.
The PL emission peak for CsPbCl3 after excitation at 350 nm was at ~ 400 nm on bare and
implanted substrates with the fluence ranging from 2.0 x 1016 to 5.0 x 1016 Au-atoms/cm2. The
CsPbCl3 on implanted substrates experienced a large PL emission enhancement as compared to
the bare substrate. The enhance factor was found increasing with the increasing Au implanted
fluence. The understand the mechanism of the enhancement process, time-resolved PL decay
analysis was performed and fitting displayed a triple-exponential decay giving an average lifetime
of ~ 2.6 ns for CsPbCl3 on bare quartz. A decrease in the lifetimes for CsPbCl3 on implanted
substrates was observed, which increased with the increasing fluence. This indicates that the
excitation and decay rates were modified giving rise to the PL enhancement for CsPbCl3 on
implanted substrate. Details of the process is given in result and discussion section.
The PL emission peak for CsPbBr3 after excitation at 420 nm was at ~ 525 nm for bare and
implanted substrates. Comparing with CsPbCl3, similar trend was observed for the CsPbBr3 on
substrates implanted with 2.0 x 1016 – 5.0 x 1016 Au-atoms/cm2 fluence. However, the PL
enhancement factors decreased for CsPbBr3 on the substrates implanted with fluence greater than
5.0 x 1016 particles/cm2 and finally quenching was observed on quartz implanted with 8.0 x 1016
particles/cm2. No change in lifetime was observed for CsPbBr3 on all substrates and tripleexponential time-resolved PL decay data fitting gave an average lifetime of ~ 2.8 ns. Since the
lifetime remained fixed, therefore, PL enhancement for CsPbBr3 on substrates implanted with Au
fluence ranging from 2.0 x 1016 to 5.0 x 1016 particles/cm2 can be attributed to the near field
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enhancement induced by the LSPR of Au-NPs and formation of hot spots leading higher excitation
rate. On the other hand, the subsequent decrease in the PL enhancement for CsPbBr3 on substrates
implanted with 6.0 x 1016 and 7.0 x 1016 particles/cm2 Au fluence could be attributed to two
competing processes (1) excitation enhancement and (2) charge transfer. With the increase of
implanted fluence, the formed Au-NPs are observed to be approaching the surface of quartz,
therefore, chances of having a charge transfer between Au-NPs and fluorophore increases. In case
of 8.0 x 1016 Au-NPs/cm2 quenching is observed which means that charge transfer process has
dominated due to the fact that NPs are very close to the surface.

The PL emission for CsPbB2I after excitation at 360 nm on bare and implanted substrates
was at ~ 555 nm. On implanted substrates with fluence ranging from it 2.0 x 1016 particles/cm2 to
5.0 x 1016 particles/cm2, it experienced a large enhancement and quenching was observed on higher
implanted fluence substrates ranging from 6.0 x 1016 particles/cm2 to 8.0 x 1016 particles/cm2.
Following the same trend PL of CsPbBr2I also displayed a triple-exponential decay giving an
average lifetime of ~ 10 ns. The lifetime CsPbBr2I drop casted on implanted substrates decreased
with the increase in the fluence.

The PL enhancement mechanism for CsPbB2I is similar to what was observed for CsPbCl3.
However, quenching that observed for CsPbB2I on substrates implanted with higher fluence can
be attributed to an increase in the non-radiative decay rate which dominates the radiative decay
rate for CsPbBr2I. With the increase in implanted fluence, LSPR red-shifted to overlap the
emission region of the CsPbB2I resulting in quenching. Moreover, quenching could also be
attributed to the charge transfer between Au-NPs and CsPbB2I. Taking a closer look at the data for
CsPbCl3, where quenching was observed on the substrate implanted with 8.0 x 1016 particles/cm2
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fluence, we believe the charge transfer is the dominant process for CsPbB2I PL emission quenching
8.0 x 1016 particles/cm2 implanted substrate.

on

The PL emission for CsPbI3 after excitation at 620 nm and 530 nm, respectively was
observed at ~ 678 nm on bare and on substrates implanted with fluence ranging from 2.0 x 1016 to
5.0 x 1016 Au-atoms/cm2 on implanted substrates, CsPbI3 experienced a large enhancement in the
emission and the substrates excited with 620 nm lead to the greater increase in the PL intensity.
This could the proximity of LSPR of high fluence implanted sample and excitation wavelength of
CsPbI3.
The PL lifetime CsPbI3 also displays a triple-exponential decay giving an average of ~ 2.66
ns and the trend followed by CsPbI3 was similar to the PL enhancement mechanism observed for
CsPbBr3 on the substrate implanted with fluence ranging from 2.0 x 1016 to 5.0 x 1016 Auatoms/cm2.

By controlling the ion implantation fluence the concentration, size and inter-particles
distance of Au-NPs can be modified. Consequently, this modification leads to the change in the
LSPR peak position. The increase in the size of Au-NPs gives a slight red-shift, however,
decreasing the inter-particle distance creates hotpots that give significant red-shift to LSPR peak
position. These parameters can tailor the implanted substrates and the interaction between CsPbX
and Au-NPs can be controlled. The distance between the Au-NPs and CsPbX also plays a
significant role in PL enhancement.

Our investigations show that choosing fluorophore whose excitation wavelength overlaps
with Au-NPs LSPR will lead to strong enhancement in PL emission. However, if the LSPR of Au122

NPs overlaps the PL emission of a fluorophore will produce PL quenching. We also observed that
the distance between Au-NPs and fluorophore plays a significant role. By tuning this distance, the
charge transfers between the fluorophore and Au-NPs that leads to PL quenching can be avoided.

The mechanisms of PL enhancement of a fluorophore in the vicinity of Au-NPs were
determined from the PL lifetime decay. PL enhancement is due to the increase in the excitation
rate of a fluorophore if the PL lifetime doesn’t change. On the other hand, if the lifetime decreases
the enhancement is due to the increasing in the radiative decay rate of the fluorophore.
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